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ABSTRACT
The development of glasses to immobilize nuclear wastes requires a detailed 
understanding of how composition affects the critical properties required to design 
wasteforms, including thermal stability and chemical durability. Those properties depend 
on the molecular-level structures of the glasses. The principal objective of this research 
was to develop a comprehensive understanding of the composition-structure-property 
relationships, including the effects of processing conditions, for glasses in the alkali- 
molybdenum-iron-phosphate systems that could then be used to inform the development 
of wasteforms of interest to the US Department of Energy.
The molecular-level structures of the alkali molybdenum iron phosphate glasses 
were analyzed by high-pressure liquid chromatography, Raman spectroscopy, and 
Mossbauer spectroscopy. Alkali ions (Cs+ and Na+) are associated with both phosphate 
and molybdate anionic species, and the polymerization of the phosphate network with 
increasing MoO3 content correlates with the formation of isolated Mo6+O6 octahedra in 
the Mo-rich glasses. The coordination environment of iron is affected both by the 
addition of large Cs+ ions into glass structure and by the reduction of Fe3+ to Fe2+; the 
latter is sensitive to the choice of oxidizing or reducing raw materials. Mo5+ ions are 
incorporated in highly distorted Mo5+O5 octahedral sites, which are associated with 
crosslinked Mo5+OPO4 structural units that affect properties like molar volume and the 
glass transition temperature. The dissolution kinetics are sensitive to iron contents, with 
the most durable glasses having the highest iron contents and smallest phosphate anions. 
Glasses with isolated Mo6+O6 octahedra in their structures are less chemically durable.
v
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1. INTRODUCTION
1.1. NUCLEAR WASTE IMMOBILIZATION
The growing global demand for clean energy spurs the development of 
sustainable sources (e.g. solar and wind) with low carbon emissions as substitutes for 
fossil fuels. Nuclear power plays a significant role in supplying emission-free green 
electricity worldwide since its early commercialization and it is projected to be a growing 
part of nation’s sustainable development plan [1].
Different types of nuclear waste are produced during the operation of nuclear 
power plant and can be classified based on the radionuclide half-life and radioactivity 
content, including low-level waste (LLW), intermediate-level waste (ILW) and high-level 
waste (HLW) [2]. HLW contains significant amounts of long-lived radionuclides with 
high activity levels (104-106 TBq/m3 [3]), and the two major sources of HLW are the 
spent nuclear fuel (SNF) processed by reactors and the radioactive byproducts produced 
from the recycling of SNF [4]. In order to reduce the potential for the migration or 
dispersion of hazardous radionuclides from nuclear waste into the environment, the 
immobilization and isolation of the processed nuclear wastes has been practically 
implemented, with metal, cement, ceramic and glass used as the host matrices [2]. 
Vitrifying HLW into glass or glass-ceramic waste forms has been accepted worldwide as 
the preferred method for effective waste management.
1.1.1. History of the Nuclear Waste Vitrification. The early attempts to 
solidify and immobilize the HLW through the vitrification process began in the 1950s. 
Since then, borosilicate, aluminosilicate, phosphate glass and glass-ceramic formulations
have been developed for the vitrification of HLW in different countries, and borosilicate 
and iron-phosphate glasses are the major ones being researched to date [5]. Borosilicate 
glass was initially developed for nuclear waste vitrification in the US in 1956 by 
Goldman [6] and was further developed for processing and testing protocols in the US, 
UK and France. Since 1975, borosilicate glass formulations have been selected as the 
reference solid waste form for many waste processing programs and facilities [7], 
including the waste treatment and immobilization plant at Hanford to vitrify both HLW 
and low-activity waste (LAW) [8,9]. Phosphate glasses were first studied in the 1960s 
and several shortcomings impeded their practical application for waste vitrification such 
as corrosive melts, low thermal stability, tendency to crystallization and poor chemical 
durability. The lead-iron-phosphate glass was introduced in 1984 as a promising 
alternative for waste immobilization with comparable processing and performance 
properties to borosilicate glasses [10]. Beginning in the mid-1990s, iron-phosphate (IP) 
glasses have been systematically studied at Missouri S&T and IP solid waste forms have 
been developed for the vitrification of both HLW and LAW [11,12].
1.1.2. Characteristics of Borosilicate Glasses for Waste Vitrification. Borosil­
icate glass was first invented by the German glass chemist, Otto Schott in late 19th centur 
y, and thanks to the good thermal shock resistance, it found commercial use as home coo 
kware (Duran® and Pyrex®) [13]. Another major application of borosilicate glass is its u 
se as laboratory glassware due to the excellent chemical resistant to corrosion by various 
chemicals. As a mature industry product, borosilicate glasses have been extensively studi 
ed and they were preferred as the primary material for waste immobilization because of t 
he deep understanding researchers had for its properties and processing [14].
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Borosilicate glasses have SiO2 and B2O3 as the major glass forming components 
and they form an interconnected structural network based on SiO4 tetrahedra and BOn 
polyhedra (n=3, 4) through covalent bridging oxygen bonds (Si-O-Si and Si-O-B). The 
initial addition of alkaline oxides, e.g., Na2O, into borosilicate glass converts the trigonal 
BO3 units into tetrahedral BO4 units, increasing the number of cross-links that constitute 
the glass network. When the Na2O/B2O3 ratios increases above about 0.5, the Si-O-Si and 
Si-O-B linkages are broken through the formation of weak, ionic bonds between 
nonbridging oxygens on the silicate sites and the Na+ ions, Si-O-Na+ [15].
Compared to vitreous silica, borosilicate glasses have relatively low processing 
temperatures (1100 °C to 1250 °C), an advantage for producing durable glasses for the 
immobilization of hazard nuclear waste forms for geological disposal [16]. Studies of the 
weathering characteristics of natural basaltic glass provide clues about the long-term 
dissolution behavior of borosilicate glasses containing nuclear waste, testifying to their 
potential stability and durability for long-term disposal [17].
Borosilicate glass also has good tolerance to compositional variations, allowing 
for the flexibility to accommodate the differences in the waste compositions generated 
from different processing methods. With good glass forming ability and thermal stability, 
the host borosilicate glass composition can be formulated and optimized for each waste 
composition to increase the solubility of many waste components or to precipitate out as 
controllable and stable crystalline phases, and ultimately to maximize the waste loading 
[18]. The loaded waste elements can be either incorporated into the glass structure by 
forming chemical bonds with SiO4 tetrahedron (e.g. Na, Al and Cs), or physically 
encapsulated as stable crystalline forms inside the glass matrix (e.g. sulfur and noble
elements). Both approaches isolate radioactive isotopes from the surrounding 
environment and borosilicate glasses can maintain their structural integrity with minor 
changes in properties even under high radiation levels [19].
Despite the versatility of borosilicate glass in vitrifying various types of nuclear 
waste, there are concerns regarding the capability of borosilicate glass to incorporate 
certain waste components such as molybdenum and cesium. The transition metal fission 
product (TM) waste streams can contain up to 13.99 wt% MoO3 [20], and its poor 
solubility in borosilicate glass can significantly limit the overall loading of this waste. For 
instance, only ~ 2.5 wt% of MoO3 was reported to be soluble in a baseline borosilicate 
waste glass, and the addition of MoO3 into borosilicate glass network impairs the thermal 
stability [21]. In addition, MoO3 was found to form a “yellow phase” (alkali/alkaline 
earth molybdates mixed with chromates and sulphates) in waste glass loaded with HLW, 
and this phase was detrimental to the waste vitrification process because it accelerated the 
corrosion of the melter and it reduced the chemical durability of waste form [22]. The 
volatilization of radioactive 137Cs is another concern for the vitrification process using 
borosilicate waste forms. CsCl is immiscible in borosilicate glasses, and the reprocessing 
of CsCl waste into more soluble Cs2O prior to vitrifying is potentially costly and 
hazardous [23].
1.1.3. Studies on the Chemical Durability of Borosilicate Waste Glasses. The
chemical durability is the biggest concern in the development of nuclear waste-forms in 
order to ensure the safety of the surrounding natural environment during its long-term 
storage and disposal [24]. Borosilicate glass was chosen for the vitrification process of 
nuclear waste largely due to its excellent chemical durability, and there have been many
4
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studies of the corrosion behavior of borosilicate waste glasses. The overall degradation of 
glass waste-forms exposed to ground water during its disposal period is a complex 
problem involving a variety of variables, including glass composition, environmental 
parameters (e.g. temperature and pH), the precipitation of crystalline phases, and 
radiation effects [25]. The development of a detailed understand of the dissolution 
processes when glass reacts with water is critical to predict its long-term corrosion 
behavior.
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Figure 1.1. Schematic of glass corrosion as function of time [17].
A general description of the different stages for glass corrosion as function of 
time under static conditions is shown in Figure 1.1. There is an initial stage characterized 
by fast reactions between the glass surface and surrounding solution, followed by a 
transition to a second stage, characterized by a slow, but steady dissolution rates. 
Depending on the conditions of the solution, a potential third stage indicates a resumption
of rapid dissolution [17]. Several theories have been developed to model the dissolution 
behavior of borosilicate glasses, and each of them has a focus on different aspects of the 
overall reaction processes.
When a silicate glass contacts an aqueous solution, two major types of chemical 
reactions occur: hydrolysis of the glass network and ion-exchange between alkaline ions 
in glass and protons or hydronium ions (H3O+) in solution [26]. For high-alkaline glasses, 
the alkaline ions (e.g. Na+) in glass surface can be exchanged with the protons or 
hydronium ions from solution through a diffusion process, and such reactions are 
evidenced by the square root dependence of ion release into solution versus time in the 
early stage of glass dissolution [27]. The selective leaching of elements was observed in 
borosilicate waste glass, where Na has a much higher release rate into solution than B and 
Si, indicating the fact ion-exchange occurs simultaneously with the hydrolysis of 
borosilicate network (Stage I) [28]. On the other hand, as the hydrolysis reaction between 
water and silicate glass structure progresses, the concentration of H4SiO4 in solution 
increases and the dissolution rate was found to depend primarily on the solution 
concentration of H4SiO4. The transition state theory (TST) was invoked by Grambow to 
explain the rate drop in the transition stage attributing to either the decreased affinity of 
glass when the concentration of H4SiO4 approaches the saturation limit in solution, or the 
reaction between the solution and the reconstructed glass-to-solution interface formed via 
precipitation reaction [29].
In addition to the two release reactions described above, an alteration product can 
form a passivation layer on the glass surface when the surrounding solutions are 
saturated, forming a barrier to the mass transport between solution and the underlying
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glass. In this case, the residual rate in long-term corrosion Stage II might be modeled and 
predicted considering the transport of reactant and product through the barrier layer as the 
major rate-limiting step [30,31]. While the corrosion of glass remains slow with a 
relatively low residual rate in the long term, potential increases of the dissolution may 
happen resulting in the renewal of alteration (Stage III). This latter phenomenon is 
usually associated with the precipitation of certain minerals from the solution, which can 
reduce the ion activity in solution or disrupt the stability of surface barrier layer, driving 
further glass dissolution.
Although these proposed mechanisms manage to explain some aspects of the 
corrosion behavior of silicate glass regarding the chemical reactions between solution and 
glass surface, the effect of glass composition cannot be neglected, and the validity of each 
mechanism is restricted for certain compositional range of glass [25].
1.1.4. Development of Iron-Phosphate Wasteforms. Lead-iron phosphate glass 
was proposed as an alternative medium for the vitrification of HLWs with a demonstrated 
corrosion rate 1 0 2 to 1 0 3 lower than that of borosilicate glass and low melting temperature 
of 800 to 1050 °C [9]. Iron-phosphate glasses have been systematically studied at 
Missouri S&T for their compatibility with various types of nuclear waste [10,22,32]. For 
instance, a simulated Hanford HLW with high & 2O3 content (~ 4 wt%) was successfully 
vitrified into iron-phosphate glass wasteforms for a waste loading between 55 wt% to 75 
wt% [33], and a high waste loading of 30 wt% was also achieved on the Hanford LAW in 
iron-phosphate (IP) glasses [34]. IP glasses have excellent chemical durability, equivalent 
or superior to borosilicate glass even with high alkali content (> 20 wt%). Generally, low
melting temperatures (950-1100 °C) and shorter melting times (< 2 hours) are required 
for IP glasses, thus reducing the volatilization of radioactive isotopes from the melt.
Many nuclear waste constituents, including noble metals, rare earths and heavy 
elements, have greater solubilities in IP glasses than in borosilicate glasses [35]. For 
instance, up to 30 wt% MoO3 can be homogeneously incorporated into an IP glass [36], 
whereas < 3 wt% M0O3 can be dissolved into a typical borosilicate glass before it 
separates out as a crystalline phase [20]. The high solubility of certain waste components 
contributes to high waste loading in IP glasses. Considering these outstanding 
characteristics, IP glass can serve as a substitute or alternative host matrix to borosilicate 
glass for the vitrification of nuclear waste. Thus, it is necessary to study and understand 
the nature of iron-phosphate glass and, more importantly, the effects of hazardous waste 
components on their structure and properties.
1.2. STRUCTURE AND PROPERTY OF IRON-PHOSPHATE GLASSES
Phosphate glasses have been studied for many applications based on their 
physical and chemical properties, including controllable degradation for tissue 
engineering, high thermal expansion coefficients for hermetic sealing, and low melting 
and processing temperatures for fiber manufacturing [37,38,39]. The addition of certain 
metal oxides can also lead to some special applications, such as optical waveguides for 
lasers using rare-earth doped phosphate glasses, and for nuclear waste-forms prepared 
with iron phosphate glasses [10,40].
1.2.1. Characteristics of Phosphate Glasses Structure. The network structures 
of phosphate glasses are based on PO4 tetrahedra as structural units that are described
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using the Q1 terminology, where “i” is the number of bridging oxygens (BOs) associated 
with the phosphate tetrahedron, as illustrated in Figure 1.2 [41]. Tetrahedra that share
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bridging oxygens form anions that can be described using the Pn terminology, where “n” 
is the number of P-tetrahedra in the anion. For instance, an orthophosphate anion, P 0 |- , 
is a P1 anion based on a Q0 unit, the pyrophosphate anion, P2 0 4-, is a P2 anion formed by 
a linkage between two Q1 units, and triphosphate anion, P3 O5- , is a P3 with two Q1 
tetrahedra linked by one Q2. By considering the general formula for phosphate anions as 
(Pn03n+i)-(n+2'), the fraction of Q1 units can be calculated [42]. The oxygen to 
phosphorus (O/P) ratio is an important index for phosphate glasses since it reflects the 
average phosphate anion length (n), and the relationship can be simply described as [43].
n =
1
(O/P) -  3
(1)
9 -1 -2 9'1!
O ; 0 - >
:l
,  P ,,O 0 \O
// - :l
0 : O
ox O' O' O'
-3
CT cr Q1 Q°
Figure 1.2. Illustration of various phosphate tetrahedral sites using the Q1 terminology
[35].
The structures of phosphate glasses have been studied by several characterization 
techniques, including Raman scattering spectroscopy [44], solid state nuclear magnetic 
resonance (NMR) spectroscopy [45], and X-ray absorption spectroscopy (XAS) [46], and 
details about the bonding parameters and difference in the local chemistry between
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different types of PO4 tetrahedrons can be obtained. The average P-O bond lengths for 
BOs are about 1.61 to 1.64 A, whereas for nonbridging oxygens (NBOs), the average P-O 
bond lengths for Qi sites increase systematically with decreasing number of “i”, from 
three to zero [47].
Raman scattering spectroscopy has been broadly employed as an effective 
technique for probing the bonding chemistry associated with different structural units in 
phosphate glasses. The systematic changes in the vibrational frequency of the 
nonbridging P-O- stretching modes among different Qi sites provides evidence for the 
evolution of phosphate glass structure (polymerization or depolymerization) with 
changing compositions [35]. In addition, semi-quantitative analysis can be performed to 
determine the relative fraction of Qi sites by peak areas from deconvolution and to 
estimate the P-O- bond lengths and P-O-P bond angles by peak positions [39].
High-pressure liquid chromatography (HPLC) has been demonstrated as a useful 
tool to investigate the structure of phosphate glasses by quantitatively determining the 
types and distribution of phosphate anions in glass [48]. Peaks in the chromatograms 
represent different types of phosphate anions (Pn) in the sequence of increasing number 
of PO4 tetrahedra (n) as function of retention time, and the relative peak area can be used 
to determine the relative concentrations of PO4 tetrahedra in the corresponding phosphate 
anions. For example, the chromatographs shown in Figure 1.3 describe the distributions 
of phosphate anions from Na-Fe-phosphate glasses with different O/P ratios and show 
that greater numbers of larger anions were found associated with glasses with lower O/P 
ratios [40]. Quantitative information about the glass structure can then be determined,
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including the fraction of Q1 sites, the average phosphate chain length (n), the overall O/P 
ratio, and average BO-to-NBO ratio (BO/NBO).
Figure 1.3. Chromatographs of Na-Fe-phosphate glasses with constant Fe/P ratios (0.23)
and increasing O/P ratios [40].
The incorporation of metal (Me) oxides into phosphate glass results in the 
formation of Me-polyhedra (e.g. Fe-polyhedra in iron phosphate glass), which are 
connected to phosphate anions through chemical bonds with the NBOs on the PO4 
tetrahedra. Depending on their field strength, metal cations will have different effects on
the structure and properties of phosphate glass. The addition of oxides with low field 
strength cations, like Na2O, modify the phosphate glass structure by replacing bridging P- 
O-P bonds with weaker ionic P-OnbNa+ bonds [35]. The decrease in cross-linkages and 
network rigidity leads to a decrease in Tg, but unusual changes in properties have been 
observed above certain concentrations of the modifier oxides. In the case of binary Cs2O- 
P2O5 glasses, the glass transition temperature, Tg, decreases by 150 K with the addition of 
up to 16 mol% Cs2O to P2O5, whereas further additions of Cs2O lead to little change in Tg 
[49]. This unusual trend can be explained by the structural transition from isolated Cs- 
polyhedra into sub-structures formed by interconnected Cs-polyhedra with increasing 
Cs2O content. High field strength cations (e.g. Al3+) with greater electronegativity form 
Me-Onb bonds that possess greater covalency. For instance, the addition of AhO3 
strengthens the glass network by forming P-O-Al cross-linkages between phosphate 
anions, leading to increasing Tg and decreasing dissolution rates [50].
Molybdenum oxide (MoO3) is a major component in certain types of nuclear 
waste [51] and has extensive glass forming ability (up to 76 mol%) in phosphate glass 
[52]. A three-dimensional network model has been proposed for the binary MoO3-P2O5 
glasses based on crystalline analogues, including MoO2(PO3)2, (MoO2)2P2O7 , and 
MoOPO4 [53]. The addition of MoO3 to NaPO3 glass leads to an increase of the network 
connectivity through the formation of P-O-Mo bonds between Mo-polyhedra and PO4 
tetrahedra, leading to an increase of Tg. Molybdenum cations have been found in 
phosphate glass with different valances (e.g. Mo6+, Mo5+ and Mo4+) [54]. Mo6+ can 
occupy both tetrahedral Mo6+O4 and octahedral Mo6+O6 sites, although the octahedral 
sites were primarily found in phosphate glasses [55]. Mo-O-Mo clustering between
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Mo6+O6 octahedra was observed in AgPO3-MoO3 glass with large M0O3 contents (> 40 
mol%), [56]. For PbO-MoO3-P2O5 glasses, the conversion from Mo6+O6 octahedra to 
Mo6+O4 tetrahedra with increasing amounts of MoO3 occurred in glasses with large PbO 
concentrations (50 mol%) [57]. The presence of Mo5+ in phosphate glasses was 
confirmed by electron paramagnetic resonance (EPR) and X-ray photoelectron 
spectroscopy (XPS) [58,59]. The Mo5+ cations were found in a highly distorted 
octahedral site, which is more accurately describe as a square-pyramidal site Mo5+O5 
with a coordination number of 5 [52]. The Tg of Li2O-MoO3-P2O5 glass was considered 
to depend on the relative amount of Mo5+ since the highest cross-linking density is in 
MoOPO4 group containing Mo5+ [60].
1.2.2. Dissolution Behavior of Phosphate Glasses. Similar to silicate glass, the 
dissolution rate of phosphate glass in an aqueous solution is controlled by several factors, 
including the glass structure and composition, temperature, solution chemistry, and the 
development of surface layers [61]. Bunker et al. [62] described a two-stage dissolution 
process for Li2O/Na2O-CaO-P2O5 glasses in an aqueous solution using a polymer 
hydration model. In the first stage of dissolution, diffusion of water into the glass surface 
is the rate-limiting step and weight loss has a parabolic time dependence (t1/2). The 
following stage of dissolution is controlled by the release of fully hydrated phosphate 
chains into solution with a linear time kinetics of weight loss. However, in a dissolution 
study of Na2O-CaO-P2O5 glass in acidic solutions, Delahaye et al. [63] reported that the 
deceleration of dissolution rate does not follow the t1/2 dependence, but instead, the mass 
release of hydrated metaphosphate groups initially limits the dissolution rate in linear 
kinetics, and the subsequent decease in dissolution rate was claimed to the result of the
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increased ionic strength in the solution and the evolution of the electrostatic interactions 
in the hydrated layer.
The hygroscopic nature of ultraphosphate glasses (O/P < 3.0) indicates the 
susceptibility of Q3 and Q2 sites to the hydrolysis reactions even with atmospheric water 
[35]. Decreasing the fraction of easily hydrolyzed Q2 sites was attributed to the improved 
aqueous corrosion resistance with alkali oxides replacing zinc oxide in pyrophosphate 
glasses [64]. In a recent dissolution study of sodium calcium polyphosphate glasses, the 
dissolution rate decreased with increasing O/P ratios [65]. The slower dissolution kinetics 
were attributed to the stronger, more hydration resistant cation-anion bonds on Q1 sites 
than those on Q2 sites.
Metal cations also contribute to the improvement of the chemical durability of 
phosphate glasses. For instance, Ca2+ cations strengthen the phosphate network by cross­
linking non-bridging oxygens between two different chains, providing a controllable 
dissolution rate for biocompatible applications by varying the CaO-content [61]. Other 
cations with high field strength (e.g. Al3+) increase the cross-link density of phosphate 
structure by forming hydration-resistant P-O-Me bonds with PO4 tetrahedra, leading to 
decreases in the aqueous degradation rate [44].
Dissolution rates of phosphate glass dramatically increase with decreasing 
solution pH, from neutral to acidic solutions. The accelerated dissolution rate in acidic 
solution can be explained by rapid penetration of water into glass due to the disruption of 
ionic crosslinks between phosphate chains [62]. For the dissolution tests in deionized 
water, the leachate in solution may change the pH and affect the dissolution process in
return.
Generally, oxide glasses dissolve in aqueous solutions until the precipitation of 
the least soluble components. In a static dissolution test, the ion concentration in solution 
rapidly increases initially, then the dissolution rate decreases along with the concentration 
of dissolved species approaching their equilibrium concentrations, controlled by the 
saturation of solution [60]. Previous studies suggest that this decrease in dissolution rate 
can be avoided by refreshing the solution, indicating that the ionic strength of the solution 
rather than saturation affects the dissolution rate of phosphate glass [63].
1.2.3. Structure-Property Relationships for Iron-Phosphate Glass. Like other 
phosphate glasses, the structure of iron-phosphate glass is mainly constituted from 
phosphate anions (chains or rings) consisting of various numbers of PO4 tetrahedra 
connected through P-O-P bonds by bridging oxygens (BOs), and these anions are further 
interconnected by Fe-polyhedra through P-O-Fe bonds with non-bridging oxygens 
(NBOs) [66]. There have been attempts to illustrate the local organization of PO4 
tetrahedra and Fe-polyhedra via simplified structural models. For instance, a typical 
40Fe2O3-60P2O5 (mol%) glass was investigated by X-ray absorption fine-structure 
spectroscopy (XAFS) and the local structure was considered to be similar to the 
crystalline Fe3(P2O7)2 [67]. The short-range structure in glass was based on (Fe3O12)16- 
clusters interconnected with (P2O7)4- groups. However, in a more recent study of the 
40Fe2O3-60P2O5 glass using XAFS combined with density functional theory (DFT) 
simulations, the structure was proposed to be built of rings consisting of PO4 and FeO4 
tetrahedra, mostly resembling the crystal structure of a-FePO4 [68]. The structural units 
may transform depending on the ratio of Fe3+/Fe2+ to maintain charge balance.
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Nevertheless, the properties of the iron-phosphate glass depend not merely on the 
variance of phosphate structure but on the chemistry of P-O-Fe connectivity as well.
For Fe-phosphate glasses, glass transition temperature (Tg) decreases with O/P 
ratio increasing from 3.04 to 3.49, suggesting a correlation between shorter chains and 
weaker P-O bonds and the lower Tg values [69]. When iron replaces sodium in Na-Fe- 
phosphate glasses at fixed O/P ratios, Tg increases due to the stronger P-O-Fe bonds 
replacing P-O-Na+ bonds. In another study of Na-Fe-phosphate glasses, increasing the 
Fe2O3 content decreases thermal expansion coefficient (CTE), increases softening 
temperature, and decreases dissolution rate [70]. These systematic changes in glass 
properties were attributed to the strengthening of cross-linkages between phosphate 
chains by the presence of Fe3+ and the replacement of P-O-P bonds with P-O-Fe bonds 
account for the excellent chemical durability.
Iron is a multi-valance metal and both ferric (Fe3+) and ferrous (Fe2+) cations are 
found in iron-phosphate glasses. The redox equilibrium of iron in the melt is controlled 
by several factors, including the melting time and temperature, atmosphere, batching 
reagents and other substances in melt [71]. The reversible reaction is shown as:
4Fe3+ + 20 2~ ^  4Fe2+ + 02 (2)
The fraction of Fe2+ in the total iron increased from 17% to 50% in 40Fe2O3- 
6 0 P2O5 glass by raising the melting temperature from 1150 °C to 1400 °C; as a result, the 
amount of Fe3(P2O7)2 increased when the melt was crystallized, possibly due to the 
changing coordination environment of Fe-polyhedra [72]. Mo ssbauer spectroscopy and 
extended X-ray absorption fine structure (EXAFS) were employed to study the 
coordination of Fe-polyhedra, and it was concluded that ferric cations occupy both
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tetrahedral Fe3+O4 and octahedral Fe3+O6 sites, whereas larger ferrous cations were 
considered mostly to occupy octahedral Fe2+O6 sites [61,73]. The corrosion study of 
CaO-Fe2O3-P2O5 glasses shown the glass melted in an oxygen atmosphere contains about 
26% less FeO than that melted in normal air, and the corresponding dissolution rate 
decreased approximately 25% [74]. The chemical durability of 40Fe2O3-60P2O5 glasses 
was greatly improved with increasing Fe/P ratio but mostly independent of the relative 
concentration of Fe2+ in glass [65].
The remarkably good chemical durability of Na-Fe-phosphate glasses containing 
more than 25 mol% Fe2O3 was attributed to the replacement of P-O-P bonds by hydration 
resistant P-O-Fe bonds [64]. Similar results were found in the systematic dissolution 
study of Na2O-FeO-Fe2O3-P2O5 glasses, where dissolution rates decreased by several 
orders of magnitudes with an increase in Fe/P ratio, and the two-stage dissolution kinetics 
were explained using an initial 3D diffusion model and then a linear contracting volume 
model [75].
Depending on the composition of the glass and the initial reaction (diffusion and 
hydration) with water, an alteration layer can form on corroded glass surfaces. The 
selective leaching of Na and precipitation of Fe from solution produced an Fe-rich layer 
on Na2O-FeO-Fe2O3-P2O5 glasses [75]. Similarly, a reaction layer consisting of 
ferrihydrite nanocrystals and a non-crystalline phosphate phase was identified on the 
surface of BaO-FeO-Fe2O3-P2O5 glasses after dissolution tests [76]. These layers may act 
as barrier to prevent water from the diffusion or penetration into glass structure, thus 
inhibit the corrosion of glass matrix.
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1.3. SUMMARY AND THESIS PROPOSITION
Previous studies have shown the great potential of iron phosphate glass for 
vitrifying various nuclear wastes with equally good or better attributes compared to 
borosilicate glasses. Considering the low solubility issue of MoO3 in borosilicate glasses, 
which limits the loading of the with waste high-molybdenum content, iron phosphate 
glass with a proven high MoO3 solubility can serve as a proper alternative for the 
vitrification of high-molybdenum waste. This was testified by the recent development of 
iron phosphate waste form vitrifying up to 40 wt% Collins-CLT waste simulant (high 
MoO3 and Cs2O) with preserved excellent chemical durability [50]. However, the 
influence of incorporating MoO3 on the structure and properties of iron phosphate glass 
has not been thoroughly investigated and the following aspects should be considered for 
research:
• The distribution of phosphate anions may change by the addition of MoO3 in 
glass and properties like Tg can be affected accordingly.
• The redox equilibrium of Mo and Fe would change under different melting 
conditions, resulting a change in the coordination environment and bonding 
chemistry of Mo- and Fe-polyhedra in glass.
• The aqueous dissolution behavior of MoO3-containing iron phosphate glasses is 
potentially affected by glass composition, surface layer formation and solution 
chemistry.
The complexity of the waste composition results in the difficulty to evaluate the 
influence of the high-impact waste component MoO3 from the other components, and it is 
beneficial to study the structure-property relationships of MoO3-containing iron
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phosphate in a simplified system. In summary, a systematic study on the structure and 
properties of simplified Mo-Fe-phosphate glasses will contribute to understanding the 




I. STRUCTURE AND PROPERTIES OF Mo-Fe-PHOSPHATE GLASSES
Jincheng Bai1, Jenhsien Hsu1, Richard K. Brow1*, Cheol-Woon Kim2, Joe Szabo2, and
Adam Zervos2
department of Materials Science & Engineering, Missouri University of Science & 
Technology, Straumanis-James Hall, 1400 N. Bishop Ave, Rolla, MO, USA
2MO-SCI Corporation, 4040 Hypoint North, Rolla, MO, USA
ABSTRACT
The incorporation of MoO3 affects the structure and properties of iron phosphate 
glasses. Three series of Mo-Fe-phosphate glasses were prepared with MoO3 replacing 
Fe2O3 while retaining nominal O/P ratios of 3.1, 3.25 and 3.4. Raman spectroscopy and 
high pressure liquid chromatography provide information about the molybdate and 
phosphate anions that constitute glass structures. Decreases in molar volume and 
increases in glass transition temperature with increasing Mo/(Mo+Fe) ratio are attributed 
to an increased structural crosslink density through the formation of Mo-O-P bonds 
between MoO6 octahedra and phosphate anions. The Mo-O-P bonds appear to be more 
readily hydrolyzed in water than Fe-O-P bonds, since the glass dissolution rate increases 
with increasing Mo/(Mo+Fe) ratio.
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1. INTRODUCTION
Chemically durable iron phosphate (IP) glasses have shown great promise as 
alternatives to borosilicate glasses for encapsulating nuclear wastes for long-term storage 
[1,2,3]. New waste forms for the high MoO3 waste compositions (i.e. Collins-CLT) are 
sought due to the poor solubility of MoO3 in borosilicate melts. For example, the 
solubility of molybdenum oxide in iron phosphate melts is reported to be up to 20 wt% 
[4], compared to ~2.5 wt% in borosilicate melts [5], leading to chemically stable waste 
forms with greater waste loadings.
The properties of phosphate glasses depend on their O/P ratios [6].
Metaphosphate glasses with O/P=3.0 are constituted from long chains or rings of 
phosphate anions, and the major structural unit is the Q2 tetrahedron with two bridging 
oxygens and two non-bridging (nb) oxygens. Pyrophosphate glasses with O/P=3.5 have a 
structure primarily built on Q1 units (one bridging, three nb oxygens), and isolated P- 
tetrahedra (Q0) are formed in glasses with O/P>3.5. Information about the phosphate 
anions that constitute the structures of iron phosphate glasses can be obtained by a variety 
of techniques, including Raman spectroscopy [7,8] and liquid chromatography [9].
Phosphate glasses containing MoO3 have been reported for several binary and 
ternary systems, and molybdate species were found in different valence states and 
coordination sites [10,11]. Molybdenum can exist as Mo5+ and Mo6+ in different glass 
forming systems and the Mo5+/Mototal ratio depends on glass composition as well as 
melting conditions [12,13]. For low concentrations in a phosphate glass, MoO3 has been 
described as a modifier occupying the free space between phosphate anion chains, and for
greater concentrations, M0 O3 has been described as a network former connecting 
phosphate anions [4]. The effect of MoO3 on glass structure and properties depends on its 
coordination environment and the connectivity between Mo-polyhedra and P-tetrahedra.
In the present work, three series of Mo-Fe-phosphate glasses were prepared, and 
their structure and properties were examined. Structural information was collected by 
Raman spectroscopy and by high pressure liquid chromatography (HPLC), and this 





Mo-Fe-phosphate glasses were prepared from raw materials of MoO3 (Noah, 
99%), Fe2O3 (Noah and Alfa Aesar, 99.9%) and NH4H2PO4 (Jost, 98%) in 200-gram 
batches. Batches were thoroughly mixed prior to melting in fused silica crucibles (LECO) 
between 1150°C to 1400°C in air for two hours. Higher melting temperatures were 
required for glasses with greater MoO3 contents. The melts were poured either onto a 
metal plate to quench thin sections or into steel molds to form bars (1.5 cm*1.5 cm*10 
cm) that were then annealed near their respective glass transition temperatures. Batched 
compositions were selected to systematically replace MoO3 with Fe2O3 while retaining a 
constant O/P ratio, forming three compositional series with nominal O/P ratios fixed at
3.1, 3.25, and 3.4 (Table 1). The actual compositions of the Mo-Fe-phosphate glasses 
were determined by energy dispersive X-ray fluorescence (ED-XRF, Spectro Xepos)
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with standards that were first characterized by inductively coupled plasma optical 
emission spectroscopy (ICP-OES, PerkinElmer Optima 2000 DV, Norwalk, USA). 
Standard deviations for the standard curves of every element were less than 2% and the 
compositions were calculated assuming the valence states of Fe3+ (Fe2O3) and Mo6+ 
(MoO3). The glasses are identified by their nominal O/P ratios; i.e., Series 3.1. However, 
analyzed compositions are used to describe the trends in properties and structure.
2.2. PHYSICAL PROPERTIES
The density (p) of an annealed Mo-Fe-phosphate glass was determined by the 
Archimedes method at room temperature using deionized water as the immersion liquid. 
Three bubble-free bulk samples of each glass were characterized and the average density 
is reported. The molar volume (Vm) was calculated using the relationship Vm=M /p, 
where M is the average molar weight of the glass determined from the analyzed 
composition. Differential thermal analysis (Perkin Elmer, 7 series/UNIX DTA 7, 
Norwalk, USA) was used to determine the glass transition temperatures (Tg). About 30 
mg of glass powder (150 to 300 pm) was heated in an alumina crucible at 10 °C/min 
under a nitrogen atmosphere (flow rate 30 cm3/min).
2.3. AQUEOUS DISSOLUTION STUDY
Aqueous dissolution tests were performed on annealed samples that were sliced 
into 10.0^10.0x1.5 mm sections and polished to a finish of 600 grit with silicon carbide 
paper. These pieces were cleaned with ethanol, then immersed in 50 ml of deionized 
water at 60°C for up to 7 days. Each glass composition was tested in triplicate. Weight
losses were measured and normalized to the sample surface area to determine a 
dissolution rate (Dr). The solution pH was measured (Fisher Scientific, AR25 Dual 
Channel pH/Ion Meter, Hampton, USA) at the conclusion of the dissolution tests.
2.4. RAMAN AND HPLC MEASUREMENTS
Raman spectra of quenched glass samples were collected using a Horiba Jobin 
Yvon LabRAM Aramis p-Raman spectrometer (Horiba-Jobin Yvon, Inc., Edison, NJ). 
The excitation source was a 632.8 nm He-Ne laser with initial power of 17 mW. All 
spectra presented here were normalized to a constant maximum peak intensity.
High pressure liquid chromatography (HPLC) experiments were performed using 
a Dionex ion chromatography system. Quenched glass powders (75-150 pm) were 
partially dissolved in an aqueous solution (0.22 M NaCl + 5 mM Na4EDTA, pH=10 with 
NaOH) for up to 24 hours. The system and analysis techniques are described in more 




X-ray diffraction analyses (not shown) revealed that every bulk sample cast from 
the eighteen melts prepared in this study was amorphous. The analyzed molar 
compositions of the Mo-Fe-phosphate glasses are shown in Table 1. A small amount of 
SiO2 (1-3 mol%) was detected in these glasses due to reactions between the melts and the 
silica crucible used to prepare the samples. The analyzed O/P ratios, assuming the
valence states of Fe3+ (Fe2O3) and Mo6+ (M0 O3), of the MoO3-rich glasses were greater 
than the nominal compositions because of the volatilization of phosphorus at the higher 
melting temperatures used. On the other hand, there is little difference between the 
batched and analyzed Fe/Mo ratios in these glasses.
3.2. DENSITY, MOLAR VOLUME, AND Tg
The densities and molar volumes of the Mo-Fe-phosphate glasses are shown in 
Figure 1. Series 3.1 shows a systematic increase of density as Mo/(Mo+Fe) ratio 
increases, whereas series 3.25 and 3.4 show an initial decrease, then subsequent increase 
in density when Mo/(Mo+Fe) > 0.2. The increases in density for all series with increasing 
Mo/(Mo+Fe) is correlated with the concomitant decrease in molar volume, which is 
clearly correlated with analyzed O/P ratios as shown in Figure 2.
Figure 3 shows the DTA data for the series 3.4 glasses; similar DTA data 
were collected for the other two series of glasses. For the Mo-free glass, two
crystallization exotherms (onsets at 627°C and 733°C) and a melting endotherm (onset at 
854°C) can be clearly observed. These characteristic features diminish with increasing 
MoO3 and then disappear at Mo/(Mo+Fe) ~ 0.2. The glass transition temperatures were 
reproducible to ±3°C and are shown as a function of Mo/(Mo+Fe) ratio in Figure 4. (Tg 
could not be adequately identified in the DTA data from the glasses for Mo/(Mo+Fe)=1). 
The replacement of Fe2O3 by MoO3 caused an initial decrease in Tg., but then Tg 
increases with further increases in Mo/(Mo+Fe). In general, glasses with greater nominal 
O/P ratios have lower Tg, especially at the greater values of Mo/(Mo+Fe).
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3.3. DISSOLUTION RATE IN WATER
Figure 5 shows the dissolution rates (Dr) of glasses after seven days test at 60°C 
(solid symbols). With the exception of the initial addition of MoO3 to the series 3.1 
glasses, the Dr values generally increase with increasing MoO3 content. The pH values of 
the solutions at the conclusion of these tests are also shown in Figure 5 (open symbols), 
and they decrease from around 5 to around 4 with increasing Mo/(Mo+Fe).
3.4. RAMAN SPECTROSCOPY
Raman spectra collected from the three series of glasses are shown in Figure 6 
and they exhibit features that can be assigned to phosphate and molybdate species that 
constitute the glass structure. Bands from 200 to 600 cm-1 are assigned to the bending 
modes of the phosphate network [7]. The peak near 700 cm-1 is assigned to the P-O-P 
symmetric stretching modes between neighboring Q2 tetrahedra, and that near 750 cm-1 is 
assigned to the P-O-P symmetric stretching modes that involve at least one Q1 
tetrahedron [7]. The symmetric stretching modes of P-Onb bonds associated with different 
Qx tetrahedra are assigned to peaks ~1020 cm-1 (Q0), ~1090 cm-1 (Q1), and ~1170 cm-1 
(Q2), with asymmetric stretching modes assigned to peaks ~1210 cm-1 (Q1) and ~1280 
cm-1 (Q2) [8].
New peaks emerge in the spectra from glasses with increasing Mo/(Mo+Fe) 
ratios, and these are assigned to the bending mode (~390 cm-1) and symmetric stretching 
mode of Mo-O-Mo bonds (~850 cm-1), and to the Mo-O stretching modes of Mo- 
polyhedral units (~945 cm-1 and 990 cm-1) [4,14]. The relative intensity changes between 
peaks at 945 cm-1 and 990 cm-1 indicate a change in the coordination environment of Mo
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species in glass, and the development of the peak at 851 cm-1 indicates the formation of a 
Mo-O-Mo sub-network in the Mo-rich glasses.
Each Raman spectrum was decomposed into separate Gaussian peaks in the range 
of 650-1400 cm-1. Peak position and FWHM (full width at half maximum) were allowed 
to vary until a best-fit solution was achieved. The relative intensity of selected peaks was 
determined and applied for further analysis.
The effect of the O/P ratio on the phosphate network can be seen by comparing 
the spectra from the three Mo-free glasses in Figure 6. In Figure 6A, the most intense 
peak in the spectrum from the series 3.1 Mo-free glass (analyzed O/P=3.20, Table 1) is at 
1198 cm-1 with a lower intensity shoulder at 1066 cm-1, indicating a phosphate network 
dominated by Q2 tetrahedra [7]. For the spectrum from the series 3.4 Mo-free glass 
(analyzed O/P=3.49, Table 1) in Figure 6C, the most intense portion of the broad peak is 
at 1093 cm-1, consistent with a structure dominated by Q1 tetrahedra.
The addition of MoO3 results in the emergence of new peaks in the Raman 
spectra. As shown in Figure 6C, two peaks at 945 cm-1 and 990 cm-1 are found in the 
spectrum from the Mo/(Mo+Fe)=0.19 glass. Further increases in the Mo/(Mo+Fe) ratio 
lead to the disappearance of the shoulder at 945 cm-1 and the development and increase in 
relative intensity of a peak at 851 cm-1. Similar changes are observed in the spectra from 
the series 3.1 and 3.25 glasses.
3.5. HPLC RESULTS
Chromatographs from glasses in series 3.1, 3.25 and 3.4 are shown in Figure 7. 
Peaks in the chromatographs represent phosphate anions with increasing number of
tetrahedra in the sequence of retention time. The first peak due to monophosphate (Pi) 
anions is located near a retention time of three minutes, the second peak, due to 
diphosphate (P2) anions, is located near eight minutes, etc. The peak near eighteen 
minutes is due to cyclic trimetaphosphate anions (P3m) [9]. The relative areas of each 
peak are related to the relative concentrations of the phosphate tetrahedra associated with 
the different anions. The broad peaks near 22 min in the chromatographs from the low 
MoO3 content glasses in series 3.1 and 3.25 indicate the presence of long, unresolved P­
anions. With increasing MoO3 content, the intensity of this broad peak decreases and it 
disappears at the higher Mo/(Mo+Fe) ratios. For the Mo-free glass in series 3.4, the 
intensity of the P3 peak is the greatest and the intensity of the Pi peak is very low. The 
chromatographs for series 3.4 glasses with Mo/(Mo+Fe) ratios up 0.38 are similar, but 
shorter anions are favored for glasses with greater Mo-contents, and the chromatographs 
of the Fe-free glasses in all three series are dominated by monophosphate (Pi) anions, 
consistent with the analyzed O/P ratios near 3.9 (Table 1).
4. DISCUSSION
There are several compositional variations in the three series of Fe-Mo-phosphate 
glasses prepared for the present study that help explain how the glass properties are 
affected by structure. The most obvious variation involves the systematic replacement of 
Fe2O3 by MoO3, with Mo-polyhedra replacing Fe-polyhedra in bonds to the phosphate 
anions. The second variation involves the relative P2O5 contents of the glasses, expressed
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as the O/P ratio, including planned differences in the nominal O/P ratios of the three 
series, and unplanned variations due to P2O5-loss during melting.
Quantitative analyses of the HPLC chromatographs shown in Figure 7 were 
restricted to samples that did not produce the broad hump due to unresolved P-anions. 
Figure 8 compares the O/P ratios determined from those HPLC data with values 
calculated from the XRF data (Table 1) assuming iron and molybdenum are Fe3+ and 
Mo6+. There is a good correlation between these data sets, indicating that the phosphate 
anion distributions detected by HPLC (and qualitatively analyzed by Raman 
spectroscopy) are dependent on the relative concentrations of Fe2O3 and MoO3, along 
with the SiO2 picked up during melting. The addition of these oxides creates (Fe,Mo)-O- 
P bonds that produce progressively shorter average phosphate anions, and these shorter 
phosphate anions create more densely packed structures, as indicated by the trends in 
molar volume, shown in Figure 2.
Figure 8 also shows that the O/P ratios predicted from the XRF data are 
consistently lower than those measured by HPLC. This is likely due to the presence of 
more reduced Fe2+ and Mo5+ species in the glasses, decreasing the relative oxygen 
content in a way that is not detected by XRF, while producing larger P-anions.
Significant concentrations of ferrous ions have been reported for iron phosphate glasses 
[2,7], and Bih, et al. [15] reported that the Mo5+ fractios in Li2O-MoO3-P2O5 glasses can 




Information about the Mo- and Fe-polyhedra that constitute the structures of these 
phosphate glasses can be obtained by considering the structures of related phosphate 
crystals. For example, Marasinghe and Karabulut [16] showed that the ferric tetrahedra 
and ferrous tetrahedra and octahedra found in crystalline Fe4(P2O7)3 were also present in 
related iron phosphate glasses. Similar polyhedra are expected to be present in the 
structures of the glasses studied here.
There are several Mo-phosphate crystals that can be considered to provide clues 
about the structures of the Mo-Fe-phosphate glasses. For example, MoO2(PO3)2 has a 
structure that consists of chains of Q2-phosphate tetrahedra that are themselves linked by 
isolated MoO6 octahedra [17,18,19]. In contrast, (MoO2)2P2O7 crystals have P2O74- anions 
that are linked by MoO6 octahedra which themselves share corners with two other 
octahedra to produce MoO6 chains [17,18,20].
Raman spectra have been reported for crystalline MoO2(PO3)2 and (MoO2)2P2O7 
[21]. MoO2(PO3)2 has an intense peak at 984 cm-1 and (MoO2)2P2O7 has intense peaks at 
857 cm-1 and 975 cm-1. The peaks at 984 cm-1 and 975 cm-1 were assigned to the Mo-O 
stretching modes of the MoO6 octahedra and the peak at 857 cm-1 was assigned to modes 
associated with the Mo-O-Mo bonds between these octahedra in (MoO2)2P2O7. Similar 
assignments are made here for the bands at 855 cm-1 and 975 cm-1 in the Raman spectra 
of the Mo-Fe-phosphate glasses (e.g., Figure 6B); they are due to the symmetric 
stretching modes of Mo-O-Mo bonds between MoO6 octahedra and the symmetric stretch 
of Mo-O bonds in MoO6 octahedra, respectively.
M0 OPO4 crystals are built up of distorted octahedral Mo5+O6 chains with PO4 
groups inter-connected between MoO6 chains [17,18,22]. The highly distorted octahedra 
in this crystal are more strictly described as a five-fold coordination (square-pyramidal) 
with a short Mo-O bond of 1.66 A, similar to the short Mo-O bond in the penta- 
coordinated molybdenum compound a-Bi2Mo3O12 that has a Raman peak at 992 cm-1 
[23]. Rouhani et al.[24] assigned the band at 990 cm-1 in the Raman spectra of reduced 
Mo-oxide films to the stretching mode of the terminal oxygen (Mo=O) of Mo5+ ions in 
distorted octahedral sites, similar to the square-pyramidal sites identified from ESR 
studies of Mo5+ ions in soda phosphate glasses [25]. From these studies, then, the Raman 
band at 995 cm-1 in the spectra from these Mo-Fe-phosphate glasses is assigned to the 
symmetric stretching modes of Mo-O bonds in Mo5+O6 sites.
Figure 9 shows the compositional dependence of the relative intensity ratio 
between distorted Mo5+O6 (I995) and Mo6+O6 (I975) sites from the Raman peak 
decomposition calculations. Within each glass series, the 1995/(1995+1975) ratio increases 
with increasing Mo/(Mo+Fe) ratio, indicating an increase in the apparent Mo5+ fraction 
with increasing Mo-content. This is consistent with the more reducing conditions 
expected for the greater melting temperatures required to prepare these glasses.
The peaks that form at 855 cm-1 in the Raman spectra from each glass series with 
greater Mo-contents (Figure 6) is evidence for the formation of Mo-O-Mo bonds, similar 
to what are found in crystalline (MoO2)2P2O7 [21], and the relative intensity of this peak 
is greater for glasses with the greater nominal O/P ratios. The development of this peak, 
then, indicates a transition from the incorporation of isolated, predominantly octahedral 
molybdate species in the phosphate network to the formation of chains of molybdate
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octahedra with increasing MoO3-content. For glasses with lower relative P2O5-contents 
(greater O/P ratios), this transition occurs at lower Mo/(Mo+Fe) ratios; compare, for 
example, the Raman spectrum from the series 3.1, Mo/(Mo+Fe)=0.39 glass in Figure 6A 
to that for the series 3.4, Mo/(Mo+Fe)=0.19 glass in Figure 6C.
4.2. PHOSPHATE ANION DISTRIBUTIONS
An increase in the analyzed O/P ratio of the Mo-Fe-phosphate glasses leads to a 
decrease in the size of the average P-anion. This is clearly seen in the HPLC data shown 
in Figure 7, but as noted above, is also qualitatively indicated by the changes in the 
Raman peaks assigned to phosphate species. The oxygens associated with the iron and 
molybdenum polyhedra are shared by the phosphate anions and the addition of greater 
total concentrations of Fe2O3 and MoO3 convert more bridging oxygens to nonbridging 
P-O-(Fe,Mo) bonds, therefore decreasing the average P-anion size. On the other hand, the 
loss of oxygen by the reduction of Fe3+ to Fe2+ and Mo6+ to Mo5+ will increase the 
average P-anion size, as indicated in the lower O/P ratios predicted from the HPLC data 
than what are expected from the XRF compositions (Figure 8). Changes in Fe-redox 
have measurable effects on oxygen bonding in iron phosphate glasses. For example, the 
bridging-to-nonbridging oxygen ratio measured by x-ray photoelectron spectroscopy was 
shown to depend on the Fe3+-to-Fe2+ ratio [26]. The formation of Mo-O-Mo chains in the 
Fe-Mo-phosphate glasses will also remove oxygen from the phosphate network, further 
increasing the average P-anion size.
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4.3. STRUCTURAL EFFECTS ON PROPERTIES
When M0 O3 replaces Fe2O3 in each compositional series, Fe3+O4 and Fe3+/2+O6 
polyhedra are replaced by MoO6+/5+O6 polyhedra to charge balance the phosphate anions, 
and the average size and charge of those anions will depend on the O/P ratio and on the 
number of oxygens incorporated in a separate Mo-O-Mo network. The latter increases 
with increasing Mo/(Mo+Fe) ratio, as seen in the increase in the relative intensity of the 
Raman peak near 855 cm-1. The properties of these glasses, then, will depend on the 
relative natures of the (Fe,Mo)-O-P bonds that form between the metal polyhedra and 
phosphate anions, and on the types of P-anions that constitute the glass structures.
The systematic decrease in the molar volume of the Mo-Fe-phosphate glasses 
with increasing O/P ratio (Figure 2) is consistent with the better packing efficiencies of 
polyphosphate glasses with smaller average P-anions; for example see Walter et al., [27]. 
In addition, the larger coordination sphere associated with the average Mo6+ species 
compared to the Fe3+ species would also contribute to the decrease in molar volume 
within each glass series (Figure 1). For glasses in the binary MoO3-P2O5 system, there is 
a systematic decrease in molar volume with increasing MoO3 content [17] that is 
consistent with the present results. Finally, the replacement of two Fe-ions in Fe2O3 by 
one Mo-ion in MoO3 may also contribute to the systematic decrease in molar volumes of 
the Fe-Mo-phosphate glasses with increasing Mo/(Mo+Fe) ratio.
The overall increase in Tg with increasing Mo/(Mo+Fe) ratio indicates that the 
Mo-O-P bonds are stronger than the Fe-O-P bonds that they replace. This is consistent 
with the reported individual bond strengths of Mo-O (560 kJ/mol) and Fe-O (390 kJ/mol) 
[28]. The minimum in Tg near Mo/(Mo+Fe)=0.2 (Figure 4) might reflect a change in the
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dominant coordination environment for the Mo ions, as proposed by Mogus-Milankovic 
et al. [4], perhaps associated with the onset of the formation of Mo-O-Mo bonds. 
Interestingly, Tg appears to generally increase in the order series 3.4<series 3.25<series 
3.1. A similar trend was noted for binary Fe-phosphate glasses [29] and is consistent with 
the change in the liquidus temperature for melts in this system [30].
The dissolution rates of the Mo-Fe-phosphate glasses in water generally increase 
and the solution pH decreases with increasing Mo/(Mo+Fe) ratio (Figure 5). The latter 
can be understood in terms of the release of increasing amounts of molybdic acid as 
MoO3 replaces Fe2O3 in the glass composition. The trends are also consistent with the 
relative dissolution rates of binary MoO3-P2O5 and binary Fe2O3-P2O5 glasses in water. 
For example, Abbas et al. [31] report dissolution rates on the order of 10-5 g/cm2-min for 
Mo-phosphate glasses in 32°C water, whereas Ray et al. [32] report dissolution rates for 
Fe-phosphate glasses around 10-9 g/cm2-min in 90°C water. It appears that Mo-O-P bonds 
hydrate more readily than do Fe-O-P bonds.
5. CONCLUSION
The properties and structures of Mo-Fe-phosphate glasses depend on both the 
Mo/(Mo+Fe) and O/P ratios. Glass structures are based on distributions of P-anions, with 
longer anions associated with glasses with smaller O/P ratios. These anions are tied 
together through nonbridging oxygens on the phosphate tetrahedra that are shared with 
the Fe- and Mo-polyhedra. Raman spectra reveal the presence of Mo6+O6 octahedra and 
distorted Mo5+O6 octahedra, with greater fractions of the latter in glasses with greater
M0 O3 contents. In addition, the structures of glasses with Mo/(Mo+Fe) ratios greater 
than about 0.5 also possess Mo-O-Mo linkages, indicating the formation of a molybdate 
subnetwork in the MoO3-rich glasses. Increasing the MoO3-contents of the glasses 
increases the glass transition temperature and increases their dissolution rates in water.
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Table 1. Batched and analyzed compositions of the Mo-Fe-phosphate glasses.
Glass
Batched composition 
(mol%) Analyzed composition (mol%)
MoO3 Fe2O3 P2O5 SiO2 MoO3 Fe2O3 P2O5 AnalyzedO/P
- 28.57 71.43 2.64 - 29.65 67.71 3.20
5.71 22.86 71.43 2.41 4.40 24.21 68.98 3.16
Series 11.43 17.14 71.43 2.04 9.76 18.90 69.31 3.15
3.1 17.14 11.43 71.43 1.83 17.93 13.87 66.37 3.25
22.86 5.71 71.43 2.37 29.66 7.92 60.05 3.48
28.57 - 71.43 3.08 45.36 0.12 51.44 3.90
- 33.33 66.67 1.58 - 33.32 65.10 3.29
6.67 26.66 66.67 1.29 4.81 27.16 66.72 3.24
Series 13.33 20.00 66.67 1.56 10.70 20.50 67.21 3.22
3.25 20.00 13.33 66.67 1.70 18.92 14.27 65.00 3.30
26.66 6.67 66.67 1.84 30.13 8.20 59.83 3.50
33.33 - 66.67 1.99 46.87 0.09 51.05 3.93
- 37.50 62.50 2.06 0.08 37.97 59.89 3.49
7.50 30.00 62.50 1.40 5.24 31.50 61.84 3.42
Series 15.00 22.50 62.50 1.21 11.14 23.71 63.90 3.34
3.4 22.50 15.00 62.50 1.76 20.55 16.75 60.80 3.46
30.00 7.50 62.50 1.32 30.79 8.32 59.37 3.52
37.50 - 62.50 1.84 46.73 0.09 50.78 3.95
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Figure 1. Density (solid symbols) and molar volume (open symbols) of glasses as 
function of the analyzed Mo/(Mo+Fe) ratio for the three series of glasses listed in the
legend. Lines are guides for the eye.
Figure 2. Molar volume of the three series of Mo-Fe-phosphate glasses listed in the 
legend, as a function of the analyzed O/P ratio (XRF); the line is a linear least-squares
best fit of the data.
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Figure 3. DTA data for the series 3.4 Mo-Fe-phosphate glasses. Several characteristic
temperatures are indicated.
Figure 4. Glass transition temperatures for the three series of Mo-Fe-phosphate glasses 









Figure 5. Normalized dissolution rates (DR) (solid symbols, log scale) and solution pH 
(open symbols) for the three series of Mo-Fe-phosphate glasses listed in the legend, after
testing in water at 60 °C for seven days.
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Figure 7. Chromatographs of the series 3.1 (A), series 3.25 (B) and series 3.4 (C) Mo-Fe-
phosphate glasses.
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Figure 8. Comparison of the O/P ratios calculated from the HPLC and XRF data, for the 
three series of Mo-Fe-phosphate glasses listed in the legend; the dashed line represents
the 1:1 comparison.
Mo/(Mo+Fe) by XRF
Figure 9. Ratio of intensities of the Raman peaks, I995/Q995+I975X as function of the 
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ABSTRACT
Chemically durable iron phosphate glasses are promising candidates for hosting 
nuclear wastes containing constituents like Cs2O and MoO3 that have lower solubility in 
more conventional borosilicate glasses. In this work, two series of Cs-Mo-Fe-phosphate 
glasses were prepared and characterized. For glasses in Series A (xCs2O-(100- 
x)-(15MoO3-22.5Fe2O3-62.5P2O5), x=0, 7.5, 15.0, 22.5), increasing Cs2O contents 
increase the molar volume and decrease the glass transition temperature. Raman 
spectroscopy reveals that adding Cs2O breaks down linkages between MoO6 octahedra, 
replacing Mo-O-Mo and Mo=O bonds with Mo-O-Cs+ bonds. Phosphate anion 
chromatography reveals that adding Cs2O has little effect on the phosphate anion 
distributions. For glasses in Series B (15Cs2O- yMoO3-(28.75-y)Fe2O3-56.25P2O5, y=0, 
5.75, 11.50, 17.25, 23.00, 28.75), the glass transition temperature and aqueous dissolution
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rates increase when M0 O3 replaces Fe2O3. The formation of isolated MoO6 octahedra 
with Mo-O"Cs+ bonds results in an increase in the average phosphate anion-length in the 
MoO3-rich glasses. Mossbauer spectroscopy indicates that ferric ions dominate in both 
series, and that the average Fe-coordination number increases with increasing Cs2O 
content (series A) and with increasing MoO3 content (series B).
Keywords: Iron-phosphate glass; Cs2O; isolated MoO6 octahedra; Mossbauer 
spectroscopy; Nuclear waste vitrification
1. INTRODUCTION
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Collins-CLT waste is a surrogate for the secondary waste stream generated from a 
uranium extraction process, containing large concentrations of molybdenum oxide 
(MoO3) and cesium oxide (Cs2O) [1]. The loading of Collins-CLT waste in borosilicate 
glass is limited by the relatively low solubility of MoO3 [2]. Iron phosphate glass is 
known for its excellent chemical durability and high solubility of MoO3 and Cs2O, and so 
has been proposed as an alternative host material for the vitrification of these types of 
waste [3 ].
Different types of MoOx polyhedral units with various coordination numbers (x= 
4, 5 and 6 ) may form in glass depending on the chemical composition and bonding 
environment [4]. In silicate glasses, Mo6+ cations are present in tetrahedral sites as 
MoO4 units [5]. Similar M0 O4 species are present in the depolymerized regions of 
borosilicate glasses and are associated with alkali or alkaline earth cations [6,7]. In 
contrast, octahedral molybdate units have been identified in phosphate glasses. In the
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M0 O3-P2O5 binary system, MoO6 octahedra share corners and edges with PO4 tetrahedra 
to form a crosslinked molybdo-phosphate network analogous to crystalline materials [8]. 
The properties and structures of many ternary molybdenum phosphate glasses that 
include alkaline or transition metal oxides have been studied [9,10 ,11]. Selvaraj and Rao 
investigated the effect of K2O on the structure of MoO3-P2O5 glass [12] and found that 
the addition of K2O breaks the linkages between MoO6 octahedra and PO4 tetrahedra to 
form nonbridging oxygens that are charge compensated by K+ cations. PbO-MoO3-P2O5 
glasses were studied by Koudelka et al. and their results reveal the dominance of 
octahedral MoO6 units in the structures of most compositions, with their transformation 
to tetrahedral MoO4 units at high MoO3 contents [13].
An earlier study of Cs2O-P2O5 binary glasses indicated that Cs2O depolymerizes 
the cross-linked ultra-phosphate network to form metaphosphate chains at 50 mol% Cs2O 
[14]. The minimum in glass transition temperature (Tg) near ~ 16 mol% Cs2O was 
attributed to changes in the Cs-polyhedral arrangements. Joseph et al. reported that the Tg 
of cesium loaded iron phosphate glass initially increased with additions of up to 21 mol% 
Cs2O due to the Cs-mediated cross linking [15]. Cs+ ions are also known to induce a 
change in Al3+ coordination from 6 to 4 in alumino-phosphate glass [16], a consequence 
of the competition for nonbridging oxygens needed to coordinate the large Cs+ ions.
In the present study, two series of cesium loaded Mo-Fe-phosphate glass were 
prepared, one with increasing Cs2O content and the second with a constant Cs2O-content 
and with MoO3 systematically replacing Fe2O3. Raman scattering spectroscopy, high- 
pressure liquid chromatography (HPLC), and Mossbauer spectroscopy were used to 
characterize the relationships between glass composition and structure, and that
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information was used to explain compositional trends in glass transition temperature and 
dissolution rates in deionized water.
2. EXPERIMENTAL
2.1. GLASS PREPARATION
Two series of Cs-Mo-Fe-phosphate glasses were prepared with the following 
nominal molar compositions (Table 1): Series A: xCs2O-(100- 
x)(15MoO3-22.5Fe2O3-62.5P2O5), x=0, 7.5, 15.0, 22.5; and Series B: 
15Cs2O-yMoO3-(28.75-y)Fe2O3-56.25P2O5, y=0, 5.75, 11.50, 17.25, 23.00, 28.75. 200- 
gram batches from CsNO3 (Noah, 99.99%), MoO3 (Noah, 99%), Fe2O3 (Noah, 99.9%) 
and H3PO4 (Spectrum, ACS) were thoroughly mixed and melted in fused silica crucibles 
(LECO) between 1000°C to 1100°C in air for 1.5 hours, except for the Cs-free glass in 
series A that was melted at 1250°C for 2 hours. The melts were stirred multiple times for 
homogenization prior to casting onto a metal plate for quenched samples (average 
thickness of 0.4 cm) and into a steel mold (1.5 cm*1.5 cm*10 cm) for bar samples. Plates 
and bars were annealed for two hours near their respective glass transition temperatures. 
Powders (<75 pm) of all glasses were examined by X-ray diffraction (XRD, Philips 
X'pert) with a PIXcel detector, using Cu Ka radiation and Ni filter, at 45 kV and 40 mA.
The compositions of the Cs-Mo-Fe-phosphate glasses were determined by energy 
dispersive X-ray fluorescence (ED-XRF, Spectro Xepos) with standards that were first 
characterized by inductively coupled plasma optical emission and mass spectrometry 
(ICP-OES and ICP-MS, PerkinElmer Optima 2000 DV and NexION 350D, Norwalk,
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USA). For the ICP analysis, glass powders (150-300 pm) were digested in 6.5 M H2SO4 
aqueous solution for 14 days at 90 °C in closed Teflon containers. Solutions were diluted 
with deionized water with a factor of 1:9. Calibration curves for each element had 
standard deviations less than 2% and the compositions were calculated assuming the most 
oxidized valence states of Fe3+ (Fe2O3) and Mo6+ (MoO3). The concentrations of reduced 
ions (Fe2+ and Mo5+) in the glasses were determined by a titration technique using 0.001 
mol/L KMnO4 aqueous solution, with an absolute uncertainty less than 1% [17]. This 
method could not determine the separate concentrations of Fe2+ and Mo5+, only their 
combined concentrations.
2.2. PHYSICAL PROPERTIES
The density (p) of a Cs-Mo-Fe-phosphate glass was determined by the 
Archimedes method at 21 °C using deionized water as the immersion liquid. Three
bubble-free annealed pieces of each glass were characterized, and the average density and 
standard deviation are reported. The molar volume (Vm) was calculated using the 
relationship Vm=M /p, where M is the average molar weight of the glass determined from 
the analyzed composition. Differential thermal analysis (Perkin Elmer, 7 series/UNIX 
DTA 7, Norwalk, USA) was used to determine the glass transition temperatures (Tg). 
About 30 mg of glass powder (150 to 300 pm) was heated in an alumina crucible at 10 
°C/min under a nitrogen atmosphere (flow rate 30 cm3/min). Values of Tg were 
reproducible to ±3°C.
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2.3. AQUEOUS CORROSION TESTS
Aqueous corrosion rates were determined on powders (300-425 pm) from 
annealed samples; the powders were ultrasonically cleaned at least three times with 
absolute ethanol to remove fine particles. Clean powders (300±3 mg) were sealed into 
small bags made from Nylon mesh (Component Supply Co., 44 pm openings), which 
were placed in 50 ml of deionized water at 60±2°C in polypropylene centrifuge tubes 
(Evergreen Scientific). Samples were taken out from solution after certain time intervals 
(4, 8, 22, 36, 58, 84, 119 and 168 hours) and dried in oven at 90°C overnight prior to the
weight measurement. Dissolution tests were done in triplicate for each glass composition; 
weight losses were measured and normalized to the initial powder surface area (16±1 
cm2). The pH value of solutions were measured at room temperature using a pH electrode 
(Fisher Scientific, Accumet 25).
2.4. STRUCTURAL CHARACTERIZATION
Raman spectra of the quenched glass samples were collected using a Horiba Jobin 
Yvon LabRAM Aramis p-Raman spectrometer (Horiba-Jobin Yvon, Inc., Edison, NJ). A 
He-Ne laser (632.8 nm) with initial power of 17 mW was focused on the melt surface of 
each glass sample with a 10X objective. All spectra presented here were normalized to a 
constant maximum peak intensity for comparison.
57Fe Mossbauer spectra were collected in transmission geometry at room 
temperature using a conventional constant acceleration spectrometer with a 50 mCi 57Co 
gamma-ray source. The velocity scale of the spectrometer was calibrated using a 
spectrum from an a-Fe foil. Recoil software was used for all sample thickness
optimization and spectral fitting [18]. About 60-80 mg/cm2 of glass powders 
(approximately 2 x 1018 Fe-57 atoms/cm2) were uniformly spread on the sample holder (1 
cm diameter) to a thickness between 200 to 250 pm. Lorentzian multiplet analysis was 
performed for each spectrum with the center shift, quadrupole splitting, total spectral area 
(A), and the HWHM (half width at half maximum, w) of each peak allowed to vary until 
a best-fit solution was achieved. The ratios of the spectral area (A-/A+) and HWHM (w- 
/w+) of the low velocity to the high velocity peak in each Lorentzian doublet were fixed 
as 1 during fitting. Uncertainties (x2) were calculated using the covariance matrix and the 
variance of fitted results was less than 5% after three fitting attempts.
High pressure liquid chromatography (HPLC) experiments were performed using 
a Dionex ion chromatography system. Glass powders (75-150 pm) were partially 
dissolved in an aqueous solution (0.22 M NaCl + 5 mM Na4EDTA, pH=10 with NaOH) 
for up to 24 hours. The system and analysis techniques are described in more detail by 
Ma and Brow [19]. The iron-free glass in Series B was excluded from analysis due to the 
rapid hydrolysis of phosphate anions during the preparation of those HPLC samples.
3. RESULTS
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All Cs-Mo-Fe-phosphate glasses were confirmed to be X-ray amorphous by 
XRD. Table 1 summarizes their analyzed compositions, as well as the relative 
concentrations of reduced ions (assuming Mo5+ as the only reduced Mo ion). A small 
amount of SiO2 (< 2.5 mol%) was incorporated into each glass, dissolved from the silica 
crucible during melting. In general, analyzed P2O5 contents are slightly lower (1-2%)
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than the batched compositions, indicating some loss of phosphate during melting. For the 
Series A glasses, the O/P ratios, calculated from the relevant oxide concentrations, 
decreased slightly with increasing Cs2O content, the Mo/(Mo+Fe) atom ratios were 
constant and similar to the nominal values (0.25), the fractions of reduced transition 
metal ions were similar (6-10% of the total Mo+Fe ions), and only the Cs2O-content 
changing systematically. For the Series B glasses where the Mo/(Mo+Fe) atom ratio 
changed from 0 to 1.0, the Cs2O contents varied between 13.1 and 16.5 mole%, the O/P 
ratio varied between 3.39 and 3.47, and the fraction of reduced transition metal ions 
varied between 2 and 10%.
Figure 1A shows that both density and molar volume increase for the Series A 
glasses with increasing Cs2O content. The increase in density can be related to the greater 
atomic mass of Cs (132.9 g/mol) compared to other metal components in these glasses,
Fe (55.85 g/mol), Mo (95.94 g/mol) and P (30.97 g/mol). In addition, a Cs+ cation has a 
larger ionic radius (1.67 A, octahedral) than the other cations, Fe3+ (0.65 A, high-spin, 
octahedral), Mo6+ (0.59 A, octahedral), and P5+ (0.17 A, tetrahedral) [20], and so this 
contributes to the increase in molar volume with Cs2O additions. The lower field strength 
of Cs+ cations compared to Fe3+, Mo6+ and P5+ cations may contribute to the increase in 
molar volume as well. For the Series B glasses, density decreases and molar volume 
remains relatively unchanged when MoO3 replaces Fe2O3, as shown in Figure 1B. Similar 
arguments about the effects of the relative masses of two Fe-ions being replaced by one 
Mo-ion can be made to explain the density trend. The insensitivity of molar volume to the 
MoO3-for-Fe2O3 substitution may be because there are no systematic changes in the 
nominal molar fraction of larger oxygen ions.
Figure 2 shows the DTA data for both series of Cs-Mo-Fe-phosphate glasses. A 
strong crystallization exotherm is observed near 750°C for the Mo-free glass in Series B, 
and smaller exotherms are apparent between 700 and 750°C for several of the Mo- 
containing glasses in both series. The glass transition endotherms are apparent below 
600°C and decrease with increasing Cs2O (Series A) and MoO3 (Series B) contents 
(Figure 3).
Changes in the normalized weight loss and solution pH from the Series B glasses 
in 60°C deionized water as functions of dissolution time are shown in Figure 4A and 
Figure 4B, respectively. For Series B, the initial replacement of Fe2O3 by MoO3 
(Mo/(Mo+Fe)<0.42) results in slight increase of dissolution rate. Glasses with higher 
MoO3 contents (Mo/(Mo+Fe)>0.42) dissolved more rapidly, and created more acidic 
solutions, indicated by the lower solution pH (Figure 4B), particularly for the Fe-free 
glass. Similar trends with time were noted for the Series A glasses (not shown), although 
increasing the Cs2O-contents of the Series A glasses had less effect on the dissolution 
rates and decreasing solution pH than did the replacement of Fe2O3 by MoO3 in Series B 
(Figure. 4C). After 168 hours, the Series A glasses show similar changes in Aw/w and 
solution pH with Cs2O contents up to 16.0 mol%, although the glass with 21.5 mol% 
Cs2O had a greater weight loss and drop in solution pH. Increasing the Mo/(Mo+Fe) ratio 
from 0.42 to 1.00 in the Series B glasses dramatically increased the Aw/w ratio and 
decreased the solution pH after 168 hours on test (Figure 4C). Note that because of its 
rapid dissolution rate, the weight loss and pH data for the Fe-free Series B glass in Figure 
4C were collected after 22 hours, not 168 hours.
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Figure 5 shows the HPLC chromatographs for the Series A and B glasses, 
respectively. Peaks in the chromatographs represent phosphate anions with increasing 
numbers of PO4 tetrahedra in sequence of retention times. The first peak around 3 
minutes represents monophosphate (P1) anions, the second peak around 7 minutes, 
represents diphosphate (P2) anions, the third represents triphosphate anions (P3), etc. The 
broad hump near 22 minutes in the chromatograph of the Mo/(Mo+Fe)=0.63 glass in 
Series B is due to the presence of long P-anions that cannot be resolved by the 
chromatography system. Average phosphate anion-length (n) can be calculated using the 
relative areas under each peak, which are related to the relative concentrations of the PO4 
tetrahedra associated with the different phosphate anions. Increasing the Cs2O content of 
the Series A glasses results in little change to the chromatographs, indicating that these 
glasses have similar distributions of phosphate anions. With the Series B glasses, 
however, increasing the Mo/(Mo+Fe) ratio produces glasses with systematically greater 
average phosphate anion sizes.
Figure 6A shows the Raman spectra of Series A glasses with similar nominal 
Mo/(Mo+Fe) and O/P ratios. In general, these spectra include features that are due to both 
molybdate and phosphate species. The phosphate tetrahedra that constitute the glass 
structure can be described using the Qi terminology, where ‘i’ represents the number of 
bridging oxygens on a phosphate tetrahedron [21]. Peaks around 700 and 750 cm-1 are 
assigned to the P-O-P symmetric stretching modes between two neighboring Q2 
tetrahedra (Q2-Q2), and that involve at least one Q1 tetrahedron (Q2-Q1 or Q1-Q1), 
respectively [22,23]. Asymmetric stretching modes of bridging oxygen (P-O-P) generate 
bands between 890 to 1000 cm-1. Peaks ranging from 950 to 1320 cm-1 are assigned to
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the symmetric stretching modes of P-Onb bonds (nb stands for non-bridging) associated 
with Q0 ~1010 cm-1, Q1 ~1090 cm-1, and Q2 ~1170 cm-1 tetrahedra, as well as the 
asymmetric stretching modes of Q1 ~1210 cm-1 and Q2 ~1280 cm-1 tetrahedra [23]. Bands 
between 200 and 600 cm-1 are assigned to network bending modes [23], and the peak at 
396 cm-1 is attributed to bending modes associated with Mo-O-P bonds [11]. The peaks 
assigned to phosphate vibrational modes do not change significantly for Series A glasses 
with increasing Cs-contents, consistent with the similar distributions of P-anions 
determined from the HPLC analyses of these glasses (Figure. 5A).
The incorporation of MoO3 into a phosphate glass produces Raman peaks in the 
range from 800 to 1000 cm-1 associated with the symmetric and asymmetric stretching 
modes of the Mo polyhedral sites. For the Cs-free glass, the peak at 996 cm-1 is assigned 
to the symmetric stretching modes of Mo=O terminal bonds in distorted MoO6 octahedra, 
as found in the Raman spectrum of crystalline MoO3 [24]. The broader, lower intensity 
peak at 862 cm-1 is attributed to the symmetric stretching modes of Mo-O-Mo bonds 
between two neighborhood MoO6 octahedra [11]. The addition of Cs2O greatly reduces 
the intensities of the bands at 862 and 996 cm-1, and two new peaks emerge near 960 and 
910 cm-1. These new peaks match well with the bands found at 967 cm-1 (symmetric 
stretch) and 918 cm-1 (asymmetric stretch) assigned to isolated and distorted MoO6 sites 
in bulk NiMoO4 [25]. Polarized Raman spectra were collected from the 
Mo/(Mo+Fe)=0.42 glass from Series B (not shown) and they revealed that the intense 
peak at 958 cm-1 was strongly polarized and the shoulder at 915 cm-1 was depolarized, 
consistent with the reported assignments. The highest intensity peak decreases in 
frequency, from 962 to 944 cm-1, as the Cs2O-content increased from 8.0 to 21.5 mole%.
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At the same time, the peak at 396 cm-1 associated with bending modes of Mo-O-P bonds 
becomes more obvious.
Figure 6B shows the Raman spectra of the Series B glasses and similar 
assignments can be made for these peaks as were made for the spectra from the Series A 
glasses. The relative intensities of peaks associated with phosphate species decrease with 
increasing Mo-contents due to the greater Raman scattering efficiencies of the molybdate 
species. The broad peak assigned to the stretching modes of P-Onb bonds shifts to a 
higher frequency (1086 to 1175 cm-1) and the peak frequency of the P-O-P symmetric 
stretching mode decreases from 727 to 705 cm-1 with increasing Mo/(Mo+Fe) ratio. Both 
trends indicate an increase in the fraction of Q2 sites in the glass network at the expense 
of Q1 sites with increasing Mo-contents. This observation is consistent with the HPLC 
results in Figure 5B that show a systematic increase in the fractions of longer phosphate 
anions with increasing Mo-content. With increasing Mo-content, the peak assigned to the 
symmetric stretching modes of Mo-O- bonds in MoO6 octahedra increases in frequency 
from 946 cm-1 to 966 cm-1.
Mossbauer spectra from the Series B glasses are shown in Figure 7. Each 
spectrum was decomposed using Lorentzian site analysis into three sets of doublets, 
representing octahedral Fe3+, tetrahedral Fe3+, and octahedral Fe2+ (when applicable) sites 
(Figure 8). There are different fitting approaches for Mossbauer spectra from iron 
phosphate glasses described in the literature. Reliable hyperfine parameters and relative 
concentrations of Fe2+ and Fe3+ ions were obtained using eight Lorentzian doublets for 
constrained fitting with both Fe2+ and Fe3+ reported as octahedral sites [26,27]. Other 
researchers used unconstrained fitting with two doublets assigned to tetrahedral Fe3+ and
octahedral Fe3+, respectively [23,28]. Tetrahedral Fe3+ sites have been identified in iron 
phosphate glass by x-ray absorption spectroscopy, high energy x-ray diffraction, and 
neutron scattering [29,30,31], and the Mossbauer spectra in Figure 7 were analyzed 
assuming that both Fe3+(tet) and Fe3+(oct) sites were present in these glasses. Table 2 
summarizes the corresponding parameters, including isomer shift (IS in mm/s), 
quadrupole splitting (QS in mm/s), FWHM (full width at half maximum), of the 
Lorentzian contribution to the peak (w in mm/s), along with the relative fractions of each 
site to the total iron content of the glass, and the fitting uncertainties (x2). The isomer shift 
of two of the fitted Lorentzian doublets are in the range of 0.51-0.54 mm/s and 0.28-0.33 
mm/s respectively; the former is close to the value of Fe3+(oct) (0.48 mm/s) found in 
Fe(PO3)3 and the latter compares well to the value of Fe3+(tet) (0.30 mm/s) found in 
quartz type-FePO4 [32]. Small concentrations of Fe2+ (4.0%) were found only in Mo-free 
glass in Series B, and titration analyses provided a similar value of 5.3% Fe2+ (Table 1). 
For both the tetrahedral and octahedral ferric sites, little variance was found in their 
respective IS values with the compositional changes in each series. The QS values 
decrease with increasing Cs2O content in Series A and with increasing Mo/(Mo+Fe) ratio 
in Series B, for both the tetrahedral and octahedral ferric sites.
4. DISCUSSION
4.1. MOLYBDENUM AND IRON COORDINATION SITES
Titration analyses combined with the Mossbauer analyses provide quantitative 
information about the concentrations of reduced Fe2+ and Mo5+ ions in glasses. Since
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ferric ions dominate the Mossbauer spectra, the major reduced species identified by the 
titration analyses must be Mo5+ ions. The Mo5+/Mototal fractions given in Table 1 were 
calculated by subtracting the contribution of Fe2+ ions identified in the Mossbauer spectra 
from the total reduced ion concentrations determined in the titration experiments, and 
these Mo5+/Mototal fractions varied from 24.2 to 41.9 % in Series A and decreased 
systematically with increasing MoO3 content, from 44.9% to 1.9%, in Series B. These 
values are somewhat lower than the Mo5+/Mototal fractions (33% to 76%) reported for 
Li2O-MoO3-P2O5 glasses with similar MoO3 contents (10.1% to 25.3% in mol) [33]. 
Mossbauer analyses show much lower Fe2+ fractions (<5.3%) compared to those reported 
in a recent study of barium-doped iron phosphate glasses (12.1% to 28.2%) [34] and for a 
series of Mo-Fe-phosphate glasses (11% to 26%) [35]. These results may reflect more 
oxidizing melt conditions created by the use of the stronger oxidizing agents, cesium 
nitrate (CsNO3) and phosphoric acid (H3PO4), as raw materials, and to the increased 
basicity of the Cs2O-containing melts.
Raman spectroscopy provides evidence for the presence of different molybdate 
coordination sites in glasses. The major peaks assigned above to the molybdate species in 
the spectra of the Cs-Mo-Fe-phosphate glasses shown in Figure 6 fall in ranges 
associated with octahedral Mo-units; there are no obvious bands in the range between 
880-890 cm-1 where the strong symmetric stretching mode (V1) of MoO4 tetrahedra in 
crystalline Cs2MoO4 is found [36,37]. Previous studies have shown that MoO6 octahedra 
in a phosphate glass are linked to neighboring PO4 tetrahedra or to other MoO6 octahedra 
by sharing corners, through Mo-O-P and Mo-O-Mo bonds, respectively [8,12]. Other 
bonds in these octahedra, represented as Mo=O or Mo-O- species, may be associated with
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other cations. In the Raman spectra from the Series A glasses (Figure 6A), the dominant 
band associated with MoO6 shifts systematically from 996 cm-1 in the Cs-free glass to 
944 cm-1 in glass with 21.5 mol% Cs2O. This indicates that Cs+ ions are associated with 
the Mo-octahedra, perhaps with Mo=O bonds replaced by Mo-O-Cs+ bonds, as the Cs2O- 
content increases. In addition, the intensity of the band near 860 cm-1, associated with 
Mo-O-Mo linkages, gradually decreases with increasing Cs2O-content, indicating that 
Mo-O-Mo bonds also are replaced by Mo-O-Cs+ bonds to accommodate the incorporation 
of the large Cs+ ions into the glass. Chromatographs of the Series A glasses (Figure 5A) 
show that the distributions of phosphate anions do not change significantly with 
increasing Cs2O content; this indicates that the addition of Cs2O has little effect on the 
phosphate network. Similar conclusions were drawn about the effects of increasing K2O 
content on the structures of molybdenum phosphate glasses [12].
The Raman spectra from the Series B glasses (Figure 6B) show that the frequency 
of the band associated with the symmetric stretching modes of Mo-O bonds from the Mo- 
octahedra increases when MoO3 replaces Fe2O3. The dominant peak shifts from 952 cm-1 
with shoulder at 912 cm-1 in the spectrum of the Mo/(Mo+Fe)=0.25 glass to 966 cm-1 
with shoulder at 921 cm-1 in the spectrum of the Mo/(Mo+Fe)=1.00 glass, indicating an 
increase in the degree of distortion of the MoO6 octahedral sites [38]. The good 
agreement between the frequencies of these peaks and those assigned to isolated MoO6 
octahedra in NiMoO4 [25] is evidence for the existence of isolated MoO6 sites in glasses 
with high MoO3 content. As discussed above, Cs+ ions in the glass are associated not 
only with nonbridging oxygens on the PO4 tetrahedra but with the MoO6 octahedra as 
well. A similar phenomenon was reported from an NMR study of NaPO3-MoO3 glasses,
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where anionic Mo species formed the second coordination sphere of the 23Na nuclei [11]. 
Accordingly, the isolated MoO6 sites in the Cs-Mo-Fe-phosphate glasses are probably 
associated with Cs-polyhedra rather than being linked to the P/Mo/Fe-polyhedral 
network. When MoO3 replaces Fe2O3 in the glass, the fraction of Mo-O-Cs+ bonds 
associated with these isolated MoO6 octahedra increases, pulling oxygens away from the 
phosphate anions and thus polymerizing the phosphate network. This is indicated by the 
longer average P-chain lengths seen in the chromatography data from the high MoO3 
content Series B glasses (Figure 5B).
The evolution of the Raman bands assigned to Mo species in these Cs-Mo-Fe- 
phosphate glasses is different from what was seen in an earlier study of Cs-free Mo-Fe- 
phosphate glasses [39]. In the Cs-free glasses, when MoO3 replaced Fe2O3, the band at 
997 cm-1 dominated the Raman spectra and the relative intensity of the broad band 
around 850 cm-1 increased. The former band is assigned to the symmetric stretching 
modes of short Mo=O bonds in highly distorted MoO6 octahedra, a type of five- 
coordinated square-pyramidal site centered by a Mo5+ ion, and these sites form highly 
crosslinked structural units with PO4 tetrahedra in crystalline MoOPO4. In Series B, the 
997 cm-1 band is only observed as a weak component in the spectra from the low MoO3 
content glasses with relatively high Mo5+ fractions, and it diminishes with the decrease in 
the Mo5+ fraction determined from the titration experiments (Table 1). The presence of 
the broad Raman band around 850 cm-1, assigned to the symmetric stretching modes of 
Mo-O-Mo bonds, indicates some clustering of MoO6 octahedra in high MoO3 content 
Mo-Fe-phosphate glasses [39]. However, such an effect was not observed in the Raman
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spectra from the Series B glasses, which showed no significant peak intensity near 850 
cm-1.
Table 2 shows that the Mossbauer QS values for both the tetrahedral and 
octahedral Fe3+ sites decrease with increasing Cs2O content and with increasing 
Mo/(Mo+Fe) ratio. In previous Mossbauer studies of iron phosphate glasses, the QS 
values were correlated with the degree of distortion of the site and an increased fraction 
of iron content produced an increased level of distortion of the iron sites [23,40]. By 
analogy then, the decrease with increasing Cs2O content and Mo/(Mo+Fe) ratio in the QS 
values of the Fe3+ sites in the glasses in the present study indicates that Fe3+ ions are 
becoming less distorted.
The average coordination number (CN) of Fe3+ in the Cs-Mo-Fe-phosphate 
glasses from the Mossbauer data in Table 2 is plotted in Figure 9. Cs2O-additions in 
Series A cause an increase in the average CN of Fe3+, opposite to what was found for the 
effect of Cs2O additions on the Al coordination environment in Cs-aluminophosphate 
glasses [16]. In that previous study, the lower average Al CN was a consequence of the 
disproportionation of phosphate anions (2Q ^ Q  +Q ) to create monophosphates with 
large numbers of nonbridging oxygens to satisfy the coordination requirements of the Cs+ 
ions. The chromatographs for the Series A glasses (Figure. 9) indicate no comparable 
disproportionation reactions affecting the P-anion distributions with increasing Cs2O 
content. Instead, the increasing coordination number of Fe3+ in the Series A glasses can 
be understood by means of an oxygen bonding model [41]. To achieve the favored 
molecular structures, the nearest neighbors to an oxygen are required to contribute a total 
formal bond strength of +2 to balance the formal charge of -2 on that oxygen atom [41].
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Assuming isotropic bonding conditions, average bond strength (charge divided by 
coordination number) in valence units (VU) of an Fe3+ tetrahedron and an Fe3+ 
octahedron are 0.75 VU and 0.5 VU, respectively. Here, the CN of Cs+ is assumed to be 
6, adapted from an X-ray absorption spectroscopic study of Cs in aluminophosphate 
glasses [42], and so the average bond strength of an octahedral Cs+ ion is about 0.17 VU. 
As shown by the Raman spectra and chromatographs, Q1 sites dominate the structures of 
the Series A glasses. In a Q1 site, P donates 1.0 VU to one oxygen in a P-O-P bond and 
1.33 VU to each of the three non-bridging oxygens. An Fe3+(IV)-O-P bond with that non­
bridging oxygen would create a slightly over-bonded (+0.08 VU) oxygen. An octahedral 
Fe3+ would create an under-bonded (-0.17 VU) oxygen in the Fe3+(VI)-O-P bond and this 
could be balanced by the 0.17 VU brought by a Cs+ octahedron that shared that same 
nonbridging oxygen (Figure 10). Similarly, in the Series B glasses with increasing Mo- 
content, the nonbridging oxygens on the increasing fractions of Q2 sites (1.5 VU to each 
non-bridging oxygen) would be neutralized by sharing corners with octahedral ferric ions 
forming Fe3+(VI)-O-P bonds.
4.2. PHOSPHATE NETWORK
The HPLC and Raman data indicate that the increase of the Cs2O-content in the 
Series A glasses has little effect on the average phosphate anion length, whereas 
replacing Fe2O3 with MoO3 in Series B produces glasses with increasing average 
phosphate anion lengths. Cs2O appears to be associated more with molybdate sites than 
with the phosphate anions, and so the oxygen ions that accompany the Cs2O additions do 
not significantly modify the phosphate anions. In Series B, the increase in average
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phosphate anion length when M0 O3 replaces Fe2O3 means that some oxygen ions 
previously associated with the phosphate anions have been transferred elsewhere, either 
associated with a separate molybdate network, or volatilized from the melt. For the 
former, one way that MoO3 could replace Fe2O3 in the glass composition is for two Fe-O- 
P bonds to be replaced by a P-O-P bond and an isolated Mo-octahedron. More P-O-P 
bridging oxygens mean greater average phosphate anion lengths.
There is a simple relationship between the composition of a phosphate glass, 
represented by the O/P ratio, and the average phosphate anion-length (n) [34]:
n =
1
(O/P) -  3 (2)
This relationship assumes that all oxygens contributed by any oxide in the glass 
composition are associated with a phosphate anion.
Figure 11 compares this predicted relationship (dashed line) with the HPLC 
results and the analyzed compositions of the Series A and Series B glasses, including the 
presence of Fe2+ and Mo5+ species (Table 1). In general, the average phosphate anion 
lengths determined by HPLC are greater than those predicted from Eq.1. This means that 
some oxygen ions in the glasses are not associated with P-anions. As discussed above, 
these are likely oxygens on molybdate octahedra that are shared with Fe- and/or Cs- 
polyhedra, or oxygens that link neighboring Mo-octahedra. Evidence for the latter is 
present in the Raman spectra of the low-Cs glasses in Series A, and discussed in an 
earlier study of the structures of Fe-Mo-phosphate glasses [39].
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4.3. THE EFFECT OF STRUCTURE ON PROPERTIES
The increase of molar volume (Figure 1A) in the Series A glasses with increasing 
CS2O content is due to the incorporation of the large Cs+ ions with low field strength and 
to the decrease in the number of Mo-O-Mo and Mo-O-P linkages. These two factors also 
cause the Tg to decrease in Series A (Figure 3). The dramatic decrease of Tg when MoO3 
replaces Fe2O3 in the Series B glasses is attributed to the replacement of stronger P-O-Fe 
bonds by weaker P-O-Mo bonds [43] and to the formation of isolated MoO6 octahedra 
not fully integrated into the phosphate network. This decreasing trend in Tg is opposite to 
that found for Cs-free Mo-Fe-phosphate glasses, where Tg increased when MoO3 
replaced Fe2O3, due to the crosslinking effects of the formation of Mo-O-P and Mo-O- 
Mo bonds [39].
Crystallization is greatly suppressed by the addition of MoO3 to the Series B 
glasses, as shown by the DTA data in Figure 2. In the binary 60P2O5-40Fe2O3 glass, two 
major crystalline phases were formed in the temperature range between 600 to 850 °C: 
Fe3(P2O7)2 with exotherm peak around 650 °C and Fe4(P2O7)3 with exotherm peak 
around 840 °C [44]. The maximum formation of the Fe3(P2O7)2 phase was reached when 
Fe2+/Fetotal=0.33 to produce the 1:2 ratio between Fe2+ and Fe3+ in Fe3(P2O7)2. Fe4(P2O7)3 
only contains Fe3+ and increasing the fraction of Fe3+ in glass was found to favor the 
formation of Fe4(P2O7)3 . Marasinghe et al. reported that the addition of MoO3 and UO2 to 
an iron phosphate glass suppressed crystallization through the oxidization of Fe2+ to Fe3+ 
[45]. Bingham et al. reported the improved thermal stability of iron phosphate glass with 
additions of AhO3, SiO2 and B2O3, which also produced concomitant increases in the 
Fe2+/Fetotal fractions [27]. A change in the primary phase field caused by redox effects
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was proposed to account for the suppressed crystallization. For the Cs-Mo-Fe-phosphate 
glasses in the present study, the addition of MoO3 only reduced the Fe2+ fraction slightly 
from 4.0% to 0.0% (by Mossbauer) and yet the crystallization was greatly suppressed. In 
addition, the addition of MoO3 to the ternary Cs2O-Fe2O3-P2O5 system leads to the 
replacement of certain chemical bonds, i.e. P-O-Cs+ and P-O-Fe, with Mo-O-Cs+ and P- 
O-P bonds, also changing the primary crystalline phase.
From the weight loss data for the Series A glasses (Figure 4C), the addition of up 
to 16.0 mol% of Cs2O did not significantly affect the dissolution rates. From the weight 
loss data of the Series B glasses, the excellent durability of the iron-phosphate glass with 
16.0 mol% of Cs2O was maintained with the replacement of up to 11.3 mol% Fe2O3 by 
MoO3 (Figure 4A and 4C). The increase in the dissolution rate of Series B glasses with 
greater MoO3 contents results in part from the replacement of hydration-resistant P-O-Fe 
bonds by less hydration-resistant P-O-Mo bonds in the glass structure. Yu et al. attributed 
slower dissolution rates of iron phosphate glasses with increasing iron content to the 
replacement of P-O-P bonds in the glass by more hydration resistant P-O-Fe bonds [46]. 
In addition, larger P-anions are more readily hydrated in aqueous solutions compared to 
small P-anions in alkali-iron-phosphate glasses [47], and so the presence of the larger P­
anions in the MoO3-rich glasses is detrimental to their chemical durability. Finally, the 
isolated MoO6 octahedra in these glasses are prone to be released into solution, causing 
the rapid decrease of solution pH (pKa1 of H2MoO4=3.47 at 25 °C), which in turn 
accelerates the dissolution reactions of phosphate glasses [48].
The discussion of structure and properties of the Cs-Mo-Fe-phosphate glasses 
provides clues for the design of thermally stable and chemically durable host glasses for
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encapsulating materials like the Collins-CLT waste. The increasing amount of CS2O and 
M0 O3 in iron phosphate decrease the Tg and durability as expected, however if their 
concentrations remain below certain limits (with Cs2O<1 6 .0  mol% and MoO3<11.3 
mol%), then glasses with outstanding chemical durability and even improved thermal 
stability can be prepared. Encapsulating radioactive isotopes in a chemically durable 
glass matrix without crystallization is important for waste vitrification. In a recent study 
of an iron phosphate glass loaded with 40 wt% Collins-CLT, the precipitation of Fe2P2O7 
crystals from a slowly cooled melt reduced the chemical durability of the residual glass 
matrix [3]. The lower Fe/P ratio and larger P-anions associated with the poorer durability 
of the residual glass in those crystallized samples are consistent with the effect of 
replacing P-O-Fe bonds with P-O-Mo bonds, and the formation of larger P-anions, on the 
aqueous durability of Cs-Mo-Fe-phosphate glasses in the present study.
5. CONCLUSIONS
The structure and property trends with increasing Cs2O and MoO3 contents in two 
series of Cs-Mo-Fe-phosphate glasses were characterized. In Series A, Raman 
spectroscopy showed that the addition of Cs2O to a Mo-Fe-phosphate glass changed the 
linkages associated with octahedral molybdate sites and revealed the development of 
isolated molybdate sites when MoO3 replaced Fe2O3 in a Cs-Fe-phosphate glass in Series 
B. HPLC analyses indicate little change in phosphate anion distribution in Series A, and 
an increase of average phosphate anion-length with increasing MoO3 content in Series B; 
the latter was attributed to the loss of oxygens from P-anions by the formation of the
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isolated MoO6 octahedra. Mossbauer spectroscopy demonstrated that almost all iron was 
ferric and that the average coordination number of the Fe3+ sites increased with 
increasing Cs2O content (Series A) and increasing MoO3 content (Series B). Glass 
transition temperatures decreased when Mo-O-Mo and P-O-Mo linkages were broken 
with increasing Cs2O content, and when P-O-Fe bonds were replaced by P-O-Mo bonds. 
Good aqueous durability is retained in glasses with Cs2O<16.0 mol% and MoO3<11.3 
mol%. Faster dissolution of glasses with greater Cs2O and MoO3 contents mostly results 
from the replacement of hydration resistant P-O-Fe bonds with P-O-Mo and P-O"Cs+ 
bonds, the formation of longer P-anions, and the acidification of the solution by the 
release of isolated MoO6.
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Table 1. Batched and analyzed compositions of the Cs-Mo-Fe-phosphate glasses.
G lass
B atched  com position  (m ol% ) A nalyzed  com position  (m ol% )
Cs2O MoO3 Fe2O3 P 2 O 5 Cs2O MoO3 Fe2O3 P 2 O 5 SiO2 O /P
M o/(M o+
Fe)
M o 5+ +  F e 2+ (O/)





0.0 15.0 22.5 62.5 0.0 15.2 22.3 61.2 1.3 3.44 0.25 10.6 41.9
7.5 13.3 19.8 59.4 8.0 14.3 19.2 57.6 0.9 3.46 0.27 8.4 31.0
15.0 11.5 17.2 56.3 16.0 11.3 16.7 55.8 0.2 3.40 0.25 10.5 41.8
22.5 9.7 14.7 53.1 21.5 10.0 14.4 53.2 0.9 3.41 0.26 6.3 24.2
Series B
15.0 28.7 0.0 56.3 13.1 27.5 0.0 56.9 2.5 3.39 1.00 1.9 1.9
15.0 23.0 5.7 56.3 13.6 22.3 6.6 55.9 1.6 3.43 0.63 6.7 10.8
15.0 17.2 11.5 56.3 14.3 17.0 11.5 55.7 1.5 3.42 0.42 6.2 14.5
15.0 11.5 17.2 56.3 16.0 11.3 16.7 55.8 0.2 3.40 0.25 10.5 41.8
15.0 5.7 23.0 56.3 16.3 5.9 22.6 54.7 0.5 3.44 0.12 6.2 44.9
15.0 0.0 28.7 56.3 16.5 0.0 29.2 53.9 0.4 3.47 0.00 5.3 -
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Table 2. Summary of spectral parameters used to deconvolute the Mossbauer spectra, with estimated errors in parentheses. Values
of IS, QS and FWHM (w) are in mm/s.
G lass F e3+ octahedra F e3+ te trahed ra F e2+ octahedra
X2 CNFe





0 0 .53(1) 0.86(1) 0.42(2) 45 .7(4) 0 .28(1) 0.87(1) 0.44(2) 54.3(4) - 1.04 4.9(1)
8.0 0.54(3) 0.75(2) 0.44(6) 52(5) 0.29(3) 0.79(2) 0.42(6) 48(5) - 0.55 5.0(4)
16.0 0.52(2) 0.69(1) 0.40(2) 57.9(8) 0.30(2) 0.74(1) 0.40(4) 42.1(8) - 0.73 5.2(2)
21.5 0.51(5) 0.63(2) 0.36(8) 67(9) 0.30(7) 0.63(4) 0.32(14) 33(9) - 0.56 5.3(7)





0 .63 0.54(6) 0.57(2) 0.46(8) 63(9) 0.33(7) 0.57(3) 0.38(12) 37(9) - 0.55 5.3(7)
0.42 0.51(3) 0.62(1) 0.40(4) 63(4) 0.33(4) 0.65(2) 0.38(6) 37(4) - 0.67 5.3(3)
0.25 0.52(2) 0.69(1) 0.40(2) 57.9(8) 0.30(2) 0.74(1) 0.40(4) 42.1(8) - 0.73 5.2(2)
0.12 0.52(1) 0.75(1) 0.42(2) 54.3(7) 0.29(1) 0.81(1) 0.40(2) 45.7(7) - 1.10 5.2(1)











Figure 1. Density (closed squares) and molar volume (open squares) of Series A glasses 
as function of Cs2O content (A) and Series B glasses as function of Mo/(Mo+Fe) ratio
(B).







Figure 3. Glass transition temperatures of the Cs-Mo-Fe-phosphate glasses; Series A 
(closed squares) and Series B (open squares).
Figure 4. Normalized weight loss (A) and solution pH (B) from the dissolution tests of 
the Series B glasses. Fraction weight loss (Aw/w) and solution pH after 168 hours on test 
for both Series A and Series B glasses are shown in (C); note that the 22 hours data was 
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Figure 5. Chromatographs of the Series A (left) and Series B (right) glasses, with 
estimated average phosphate anion-lengths (n). The asterisk denotes values made 
uncertain by the large numbers of unresolved anions.
Figure 6. Raman spectra of the Series A (left) and Series B (right) glasses.
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Figure 7. Mossbauer spectra of the Series B glasses.
Figure 8. Deconvolution (solid line) of the Mossbauer spectrum (dots) from the Mo-free 
glass in Series B into three sets of doublets (dashed lines).
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Figure 9. Average coordination number of Fe3+ ions as function of CS2O content in Series 
A (open squares) and Mo/(Mo+Fe) ratio in Series B (closed squares) glasses.
Figure 10. Schematic representation of the charge balanced condition of oxygens bonded 
between Q1 phosphate sites and Fe3+ octahedra with the incorporation of Cs+ octahedra.
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0/P by XRF/ICP
Figure 11. Effect of composition on the average phosphate anion-length (n); the dotted 
line is the predicted relationship for n, from Eq. (1), triangles and circles are the HPLC 
results for the Series A glasses and Series B glasses, respectively.
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ABSTRACT
Na-Mo-Fe-phosphate glasses were prepared with reducing and oxidizing raw 
materials and the effects of the different Fe2+/Fe3+ and Mo5+/Mo6+ ratios on glass 
structure and properties were determined. Mo ssbauer spectroscopy confirms significantly 
greater concentrations of Fe2+ ions in the reduced glasses and distorted Fe3+O4 sites 
preferred over the Fe3+O6 sites in the oxidized glasses. Raman spectroscopy reveals the 
presence of isolated Mo6+O6 sites in the oxidized glasses, and highly distorted Mo5+O5 
sites in reduced Mo-rich glasses. The presence of specific Fe- and Mo-polyhedra is 
correlated with the average phosphate anion length, as characterized by high-pressure 
liquid chromatography. Generally, for the similar compositions, oxidized glasses have 
greater molar volumes than the reduced glasses, associated with the formation of isolated
Corresponding author, brow@mst.edu (R.K. Brow)
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Mo6+O6 octahedra and the absence of highly crosslinked Mo5+OPO4 units. Tg increases 
with increasing Fe3+ fractions in the Fe-rich glasses, whereas for the Mo-rich glasses, Tg 
increases with greater Mo5+ fractions.
Keywords: iron phosphate glass; redox effect; molybdenum oxide; Mo ssbauer 
spectroscopy.
1. INTRODUCTION
Iron phosphate glasses have been developed as host materials for the vitrification 
of radioactive nuclear wastes, not only because of their excellent chemical durability [1], 
but also for their ability to incorporate large concentrations of certain waste components 
(noble and transition metals, rare earth elements, etc.) that have low solubilities in 
conventional borosilicate waste glasses[2]. Collins-CLT is a simulation of the secondary 
waste stream generated from a uranium extraction process (UREX+) for spent nuclear 
fuels and it contains 13.9 wt% of molybdenum oxide (MoO3) as a major constituent [3]. 
The poor solubility (~2.5 wt%) of MoO3 in borosilicate glasses limits the homogeneous 
loading of Collins-CLT [4]. In contrast, the solubility of MoO3 in iron phosphate glass is 
significantly greater (~ 20 wt%) [5], and so iron phosphate glasses may be the preferred 
host for the vitrification of large amounts of MoO3-rich nuclear waste.
The co-existence of ferric (Fe3+) and ferrous (Fe2+) ions in iron phosphate glasses 
has been characterized by several techniques including Mo ssbauer spectroscopy, X-ray 
photoelectron spectroscopy (XPS), and X-ray absorption spectroscopy (XAS) [6,7,8].
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The Fe2+/Fe3+ ratio present in iron phosphate glass is influenced by the redox reaction in 
the melt,
4Fe3+ + 2O2- ^  4Fe2+ + O2 (1)
This reaction depends on the melt temperature, time, and atmosphere, as well as 
the composition of the glass [9,10,11,12]. Mo ssbauer spectroscopy has shown that Fe2+ 
occupies octahedral sites (Fe2+O6) in the structure of an iron phosphate glass and that Fe3+ 
is present in both tetrahedral (Fe3+O4) and octahedral (Fe3+O6) sites, with different levels 
of distortion for each of these Fe-polyhedra [6,13]. A correlation between the average Fe- 
O bond length and the Fe2+ fraction in iron phosphate glass was found in an EXAFS 
study, where that bond length increased from 1.96 A to 2.02 A as the fraction of Fe2+ 
increased from 18% to 80% [8].
For 40Fe2O3-60P2O5 (mol%) glasses, increasing fractions of Fe2+ decreased the 
glass transition temperature (Tg) and changed the major crystalline phase that formed 
when the glasses were reheated above Tg, from Fe4(P2O7)3 to Fe3(P2O7)2 [14]. The 
dissolution rates (DR) of these glasses were found to be independent of the relative 
fraction of Fe2+ and the excellent chemical durability was attributed to the formation of 
hydration resistant Fe-O-P bonds replacing P-O-P bonds with increasing iron content 
[14]. In contrast, the DR of sodium-iron-phosphate glasses was greatly affected by the 
Fe2+ fraction; for example, the oxidized version of a 4.6Na2O-17.7Fe2O3-77.7P2O5 
(mol%) glass, with 22% Fe2+, had a DR nearly 100 times slower than that of the reduced 
version of the glass, with 70% Fe2+ [6].
Molybdenum is a multivalent element and Mo6+ may be reduced to Mo5+, Mo4+ 
and Mo3+ in a glass, depending on the processing conditions and glass composition [15].
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In phosphate glasses, Mo6+ and Mo5+ are the major ions present, and the concentration of 
Mo5+ had been examined by X-ray photoelectron spectroscopy (XPS) and electron 
paramagnetic resonance (EPR) [15,16,17]. Mo6+ ions predominately form Mo6+O6 
octahedra in binary MoO3-P2O5 glasses [18], and the addition of other oxides, e.g. K2O 
and PbO, convert Mo6+O6 octahedra to Mo6+O4 tetrahedra [19,20]. Reduced Mo5+ ions 
exist in highly distorted octahedral sites, which have been further described by EPR as 
five-coordinated square pyramids [21]. The addition of small amounts of MoO3 (< 1 
mol%) into the PbO-P2O5-Sb2O3 system produced Mo5+ ions that modified the glass 
network [22]. For Na2O/Li2O-MoO3-P2O5 glasses with increasing Mo/P ratio, a 
maximum in Tg was observed at the Mo/P ratio~0.4 where the maximum fraction of 
Mo5+ was determined [23]. Similar property trends were reported for MoO3-P2O5 binary 
glasses; the maximum in Tg and minimum in aqueous dissolution rate were found at the 
Mo/P ratio~0.5, and both property trends were attributed to the effects of structural 
crosslink density and the fraction of Mo5+ in the glass [24].
Iron phosphate glasses have been proposed as a potential host for vitrifying high 
MoO3 content nuclear wastes [25], and so it is necessary to study the effects of the 
respective redox states of iron and molybdenum ions on the properties of these glasses. In 
the present study, two groups of Na-Mo-Fe-phosphate glasses with the same nominal 
cation ratios were prepared using either oxidizing (H3PO4) or reducing (NH4H2PO4) 
phosphate raw materials. In this paper, the molar volumes and glass transition 
temperatures of the two sets of glasses were characterized and are related to the glass 
structures determined by Mo ssbauer spectroscopy, Raman scattering spectroscopy, and 
high-pressure liquid chromatography (HPLC). In a second paper [26], this structural
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information is used to describe the effects of composition on the dissolution behavior of 
these glasses in water.
2. EXPERIMENTAL PROCEDURE
2.1. GLASS PREPARATION AND COMPOSITION
Two series of Na-Mo-Fe-phosphate glasses with the following nominal molar 
compositions were prepared:
Series A/increasing Na2O: xNa2O-(100-x)-(15MoO3-22.5Fe2O3-62.5P2O5), x=0,
7.5, 15.0, 22.5
Series B/MoO3-for-Fe2O3: 15Na2O-yMoO3-(28.75-y)Fe2O3-56.25P2O5, y=0, 5.75, 
11.50, 17.25, 23.00, 28.75)
Glasses in each series were prepared using either H3PO4 (Spectrum, ACS, 85% 
aqueous solution) or NH4H2PO4 (Jost, 98%) as the phosphate source. The former glasses 
are classified as “oxidized” and the latter “reduced”. The respective phosphate sources 
were combined with the other raw materials, Na2CO3 (GFS and FMC, 99.5%), MoO3 
(Noah, 99%), and Fe2O3 (Noah, 99.9%), to produce 200-gram batches. The well-blended 
batches were then melted in fused silica crucibles (LECO) between 1000°C to 1200°C in 
air for 2 to 2.5 hours, stirring several times to improve homogeneity. Generally, higher 
melting temperatures and longer melting times were required for the lower-Na2O and 
higher-MoO3 compositions. Glass bars were produced by casting the melts into a steel 
mold (1.5 cm*1.5 cm*10 cm), and the remaining melt was cast into patties on a steel
plate. All glass pieces were annealed for two hours near their respective glass transition 
temperature (Tg) to release any residual stress induced by quenching.
Powder (<75 pm) samples of all glasses were examined by X-ray diffraction 
(XRD, Philips X'pert) with a PIXcel detector, using Cu Ka radiation and Ni filter, at 45 
kV and 40 mA. The actual chemical (cation) compositions of the Na-Mo-Fe-phosphate 
glasses were analyzed by energy dispersive X-ray fluorescence (ED-XRF, Spectro 
Xepos) and are reported assuming the most oxidized valence states of Fe3+ and Mo6+, 
with standards that were first characterized by inductively coupled plasma optical 
emission spectrometry (ICP-OES, PerkinElmer Optima 2000 DV, Norwalk, USA). For 
these ICP analyses, glass powders (300-425 pm) were fully digested in a 6.5 M H2SO4 
aqueous solution for 3 to 7 days at 90 °C in sealed Teflon vessels. The ICP solutions 
were diluted with deionized water by a factor of 1:9 with less than 2% standard 
deviations of the calibration curves for each element. The estimated uncertainties of the 
reported compositions are less than 6% (relative). The combined concentrations of the 
reduced ions (Fe2+ and Mo5+) in glasses were determined for the same ICP solutions by a 
titration technique using KMnO4 as an indicator; these analyses have an absolute 
uncertainty less than 1% [27].
2.2. PROPERTY MEASUREMENTS
Density measurements were conducted using the Archimedes method at room 
temperature (21±1°C) with deionized water as the immersion liquid. At least three 
bubble-free annealed pieces from each composition were analyzed and the average 
density (p), with one standard deviation, is reported. The corresponding molar volume
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(MV) of each glass was calculated using the relationship MV=M /p, where M is the 
average molar weight of the glass determined from the analyzed (ED-XRF) composition. 
Glass transition temperatures (Tg) were determined by differential thermal analysis 
(Perkin Elmer, 7 series/UNIX DTA 7, Norwalk, USA) with a reproducibility of ±3 °C. 
About 30 mg of glass powder (150 to 300 pm) was heated from room temperature to 
900°C in an alumina crucible at the rate of 10°C/min under a nitrogen flow (30 cm3/min).
2.3. STRUCTURAL CHARACTERIZATION
57Fe Mossbauer spectra were collected in transmission geometry at room 
temperature using a conventional constant acceleration spectrometer with a 50 mCi 57Co 
gamma-ray source embedded in a rhodium matrix. The velocity scale of the spectrometer 
was calibrated using a spectrum from an a-Fe foil. Recoil software was used for 
optimizing sample thickness and fitting the Mossbauer spectrum of each glass [28].
About 50-80 mg of glass powder (<75 pm) were loaded on the sample holder (1 cm 
diameter) with an approximate concentration of 2 x 1018 Fe-57 atoms/cm2. The 
absorption spectra were fitted by Lorentzian multiplet analysis and the distribution of 
hyperfine parameters was approximated by using two symmetric quadruple doublets for 
each Fe-polyhedral site. The isomer shift (IS), quadrupole splitting (QS), total spectral 
area (A), and the HWHM (half width at half maximum) of each peak were allowed to 
vary until a best-fit solution was achieved and the weighted average values of the 
hyperfine parameters were reported. Uncertainties (x2) were calculated using the 
covariance matrix method and the variance of fitted results was <5% after three fitting
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attempts.
Raman spectra were collected using a Horiba Jobin Yvon LabRAM Aramis p- 
Raman spectrometer (Horiba-Jobin Yvon, Inc., Edison, NJ). A He-Ne laser (632.8 nm) 
with a power of 17 mW was used as the excitation source. The laser spot was focused on 
the “as melted” surface of each glass using a 10X objective lens. All spectra presented 
here were normalized to a constant maximum peak intensity for comparison. Raman 
spectra were decomposed into separate Gaussian peaks in the range of 650-1400 cm-1; 
peak positions and FWHMs (full widths at half maximum) were adjusted until a best-fit 
solution was achieved.
High-pressure liquid chromatography (HPLC) experiments were performed using 
a Dionex ion chromatography system. Glass powders (75-150 pm) were partially 
dissolved in an aqueous solution (0.22 M NaCl + 5 mM Na4EDTA, pH=10 with NaOH) 
and then stored at 4°C prior to injection into the column for analysis. The system and 
analysis techniques are described in more detail by Ma and Brow [29].
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3. RESULTS
3.1. GLASS FORMATION AND COMPOSITION
XRD patterns (not shown) were collected from every Na-Mo-Fe-phosphate glass 
and these indicated that every glass was amorphous. The analyzed compositions are 
summarized in Table 1. Small amounts of SiO2 (< 4 mol%) were dissolved into each 
glass from the silica crucible used to prepare the glass melts, and greater amounts of SiO2 
appear to be associated with glasses that were processed at higher temperatures. The 
analyzed P2O5 contents are generally a few percent lower than the respective batched
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P2O5 contents, whereas the respective analyzed and batched Na2O, Fe2O3, and M0 O3 
contents are similar. Table 1 also shows the combined reduced fractions of Fe2+ and Mo5+ 
measured by the titration technique; glasses prepared with NH4H2PO4 have significantly 
greater fractions of total reduced species than those similar glasses prepared with H3PO4. 
The adjusted O/P ratios shown in Table 1 were calculated from the analyzed oxide 
contents (by XRF) taking into account the oxygen lost associated with the reduced 
fractions of Fe2+ and Mo5+ (by titration); the latter contributes to the overall lower O/P 
ratios for the glasses prepared with NH4H2PO4.
3.2. DENSITY AND MOLAR VOLUME
Figure 1a shows a slight increase in density of the oxidized Series A glasses when 
the Na2O content increased from 0.0 to 15.7 mol%, then a decrease for the highest Na2O- 
containing glass. For the reduced Series A glasses, the density decreased continuously 
with increasing Na2O content, as shown in Figure 1b. The molar volumes of both the 
oxidized and reduced Series A glasses decreased systematically with increasing Na2O 
content, and the molar volumes of the reduced glasses were consistently lower than those 
of the oxidized glasses for same nominal compositions (Figure 1). For the Series B 
glasses (Figure S1), the densities for both the oxidized and reduced glasses decreased 
with MoO3 replacing Fe2O3, likely because two Fe atoms have a lower total mass than 
one Mo atom. The trend in molar volume for the Series B glasses with MoO3 replacing 
Fe2O3 was ambiguous (Figure S1), but a lower molar volume was generally found for the 
reduced glasses compared to the oxidized glasses for the same nominal composition, as 
was found for Series A (Figure 1).
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3.3. DIFFERENTIAL THERMAL ANALYSIS
Figure 2 shows the DTA curves for the oxidized (H3PO4) and reduced 
(NH4H2PO4) Series B glasses. The strong exotherm in the Mo-free reduced glass, 
observed near 650°C, and the endotherm near 850°C match the respective crystallization 
and melting temperatures for Fe3(P2O7)2 in 40Fe2O3-60P2O5 glasses [10,30]. As MoO3 
replaces Fe2O3, this crystallization exotherm gradually shifts to higher temperatures and 
lower intensity, eventually disappearing from the DTA scans of the Mo-rich glasses. 
Similar trends were also observed for the Series B oxidized glasses, indicating the 
apparent suppression of crystallization with increasing MoO3 content. The endotherms 
around 450-500°C for the two Mo-free glasses indicate their respective glass transition 
temperatures. As summarized in Figure 3, the Tg of the oxidized Series B glasses 
decreases from 530 °C to 325 °C with increasing Mo/(Mo+Fe) ratio. In contrast, the Tg of 
the reduced Series B glasses exhibits less dependence on the substitution of Fe2O3 by 
MoO3, fluctuating around 430 °C. For both the oxidized and reduced Series A glasses, Tg 
decreases with increasing Na2O content and the Tg of an oxidized glass is approximately 
100 °C greater than that of the reduced glass with the same nominal composition.
3.4. MOSSBAUER SPECTROSCOPY
Mossbauer spectra from the oxidized Series B (H3PO4) and reduced Series B 
(NH4H2PO4) glasses are shown in Figure 4a and Figure 4b, respectively. The spectra of 
the reduced Series B glasses show strong absorption peaks associated with Fe2+, whereas 
little evidence for Fe2+ is found in the spectra of oxidized Series B glasses. Similar 
differences were found between the spectra of the oxidized Series A (Figure S2a) and
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reduced Series A (Figure S2b) glasses. Each Mossbauer spectrum was decomposed into 
three sets of Lorentzian doublets, representing octahedral Fe3+, tetrahedral Fe3+, and 
octahedral Fe2+ (when applicable) sites (Figure 5) and the fitted results are consistent 
with previous Mossbauer studies of iron-phosphate glasses [8,31]. Table 2 summarizes 
the weighted average values of the corresponding hyperfine parameters, including isomer 
shift (IS in mm/s), quadrupole splitting (QS in mm/s), and FWHM (full width at half 
maximum, w), along with the relative fractions of each site, and the fitting uncertainty x2 
The fitted IS values associated with the octahedral and tetrahedral Fe3+ sites are in 
the range of 0.46-0.57 mm/s and 0.23-0.36 mm/s, respectively, whereas the IS values of 
the octahedral Fe2+ site ranges between 1.06-1.27 mm/s. These values are comparable to 
the those reported for crystalline iron-phosphate compounds; viz., 0.48 mm/s for 
Fe3+(oct) in Fe(PO3)3, 0.30 mm/s for Fe3+(tet) in quartz type-FePO4, and 1.16 mm/s for 
Fe2+ (oct) in Fe3(PO4)2 [32]. In general, the IS values for all Fe3+ and Fe2+ polyhedral 
sites show little compositional dependence within each series for both oxidized and 
reduced glasses. The QS values decrease with increasing Na2O content in Series A and 
with increasing Mo/(Mo+Fe) ratio in Series B for both the tetrahedral and octahedral Fe3+ 
sites in oxidized glasses, whereas no clear compositional trends are observed in the QS 
values for the two series of reduced glasses. For oxidized glasses, only the Mo-free glass 
in Series B possesses small concentrations of Fe2+ (6.3%), similar to the value of Fe2+ 
(5.2%) obtained from titration analyses (Table 1). The relative fraction of Fe3+ octahedral 
sites systematically increases with increasing Mo/(Mo+Fe) ratio in the oxidized Series B 
glasses. In contrast, significant amounts of Fe2+ (57.3%-84.6%) exists in the reduced
glasses, and in these glasses, no systematic changes in the types of Fe3+ sites were 
observed.
3.5. HPLC ANALYSIS
HPLC chromatographs for the oxidized Series B (H3PO4) and reduced Series B 
(NH4H2PO4) glasses are shown in Figure 6a and Figure 6b, respectively. Each 
chromatographic peak corresponds to a type of phosphate anion, with larger phosphate 
anions detected at longer retention times; i.e., the first peak, P1, is due to monophosphate 
(PO3-) anions, the second peak, P2, is due to diphosphate (P2O^-) anions, the third peak, 
P3, is due to triphosphate (P3O^0) anions, etc. A peak near 17 minutes is assigned to 
trimetaphosphate rings (P3m) [33]. The broad humps near 22 minutes in the 
chromatograms of several glasses are due to large P-anions, with more than about 10 P- 
tetrahedra, that cannot be resolved by the HPLC system used in this study. Average 
phosphate anion-lengths (n) were calculated using the relative peak areas, associated with 
the relative concentrations of the PO4 tetrahedra within different phosphate anions, and 
these values are listed with each chromatograph. For the oxidized Series B glasses 
(Figure 6a), greater fractions of large phosphate anions were associated with glasses 
when MoO3 replaced Fe2O3. For the reduced Series B glasses (Figure 6b), the initial 
increase in the Mo/(Mo+Fe) ratio from 0.00 to 0.22 increased n but further increases in 
the Mo/(Mo+Fe) ratio then decreased n. Increasing the Na2O content in both the oxidized 
and reduced Series A glasses produced little systematic changes in the phosphate anion 
distributions, as shown in Figure S3a and Figure S3b, respectively.
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3.6. RAMAN SCATTERING SPECTROSCOPY
Figure 7a shows the Raman spectra of the oxidized Series A (H3PO4) glasses, and 
Table 3 summarizes the Raman band assignments. The vibrational bands in these spectra 
are principally assigned to the bending and stretching modes associated with phosphate 
and molybdate polyhedra. Some phosphate sites are identified using the Qi terminology 
to describe the PO4 units that constitute phosphate glass structures, where ‘i’ represents 
the number of bridging oxygens associated with a phosphate tetrahedron [34]. Bands in 
the low frequency range, between 200 and 600 cm-1, are generally attributed to bending 
modes of the phosphate network [35], and the peak around 400 cm-1 is attributed to 
bending modes associated with linkages between molybdate and phosphate groups [36]. 
The P-O-P symmetric stretching modes, either between two neighboring Q2 units or that 
involve at least one Q1 unit, appear around 700 and 750 cm-1, respectively, and the 
asymmetric stretching modes of these linkages account for bands between 890 to 1000 
cm-1 [29,35]. The low intensity band around 862 cm-1 and the high intensity band at 999 
cm-1 in the Na-free glass are attributed to the symmetric stretching modes of Mo-O-Mo 
bonds between two neighboring MoO6 octahedra, and the symmetric stretching modes of 
the Mo=O terminal bond in a highly-distorted Mo5+O5 octahedron, respectively [36,37]. 
With increasing Na2O content, the intensities of both of these latter bands decrease, and a 
pair of new bands emerges at 976 and 925 cm-1, shifting to 955 and 915 cm-1, 
respectively. A similar evolution of the Raman spectra was observed with the addition of 
Cs2O to Mo-Fe-phosphate glasses [27], and from the assignments used in that study, the 
new bands emerging in the spectra shown in Figure 7a can be assigned to the symmetric
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and asymmetric stretching vibrational modes of isolated MoO6 octahedral sites, in good 
agreement with the bands reported for NiMoO4 [38].
The Raman spectrum of the Na-free glass from reduced Series A (NH4H2PO4), 
shown in Figure 7b, has a strong band at 998 cm-1 with a shoulder at 950 cm-1, which can 
be assigned to the stretching modes of Mo=O terminal bonds in distorted Mo5+O5 
octahedra and to the Mo-O stretching modes for Mo6+O6 octahedra, respectively. 
Different from the oxidized glasses, here the former band dominates the spectra even 
with the highest Na2O content (25.6 mol%), indicating the presence of significant 
concentrations of distorted Mo5+O5 sites in the reduced glasses.
The broad peaks centered around 1100 cm-1 in both sets of spectra result from the 
overlapping contributions of several symmetric and asymmetric P-O stretching modes of 
non-bridging oxygens associated with Q0 (P-Osym ~1010 cm-1), Q1 (P-Osym ~1090 cm-1) 
and Q2 (P-Osym ~1170 cm-1) tetrahedra. The relative intensities of the Q1 and Q2 bands in 
the spectra from both sets of Series A glasses do not change significantly with increasing 
Na2O contents, consistent with the similar distributions of phosphate anions determined 
by HPLC analyses (Figure S3).
Figure 8a and Figure 8b show the Raman spectra collected from the oxidized and 
reduced Series B glasses, respectively. Similar band assignments are made here as were 
made for the spectra from the Series A glasses in Figure 7. When MoO3 replaced Fe2O3 
in the oxidized glasses, the relative intensity of the P-Osym band associated with Q2 units 
(~ 1170 cm-1) increased while the intensity of the P-Osym band associated with Q1 units 
(~1090 cm-1) decreased, indicating an increase in the fraction of Q2 units in the glass 
network at the expense of Q1 units. This is consistent with the systematic increase in the
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average phosphate anion-length (n) with increasing Mo/(Mo+Fe) ratio from the HPLC 
results (Figure 6), and similar trends were observed for Cs-Mo-Fe-phosphate glasses 
[27]. The major peak assigned to the symmetric stretching modes of Mo-O bonds in 
MoO6 octahedra increased in frequency, from 963 cm-1 to 969 cm-1, and the relative 
intensity of the band near ~400 cm-1, assigned to the bending modes of Mo-O-P linkages, 
gradually increased with increasing MoO3 content. For the reduced Series B glasses, 
Raman bands associated with both Mo6+O6 and Mo5+O5 emerge with the replacement of 
Fe2O3 by MoO3 and the band near 1000 cm-1, assigned to Mo=O stretching modes in a 
distorted Mo5+O5 unit, dominates the spectra of glasses with Mo/(Mo+Fe)>0.41, likely 
because of the greater Raman scattering efficiencies of the molybdate species compared 
with the phosphate species.
4. DISCUSSION
4.1. Fe- AND Mo-VALENCE AND COORDINATION ENVIRONMENTS
The combined concentration of reduced ions (Fe2+ and Mo5+) in the Na-Fe-Mo- 
phosphate glasses was determined by a titration analysis that could not distinguish 
between the relative amounts of these two species. For the Series A (increasing Na2O- 
content) and B (MoO3 substituting for Fe2O3) glasses prepared with NH4H2PO4, there 
were significantly greater fractions of reduced ions (25 to 69%, Table 1) than for glasses 
prepared with H3PO4 (2 to 13%). These trends are consistent with the MO ssbauer analyses 
which showed large fractions of Fe2+ ions (53.7%-84.6%, Table 2) in glasses prepared
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with NH4H2PO4, whereas no more than 6.3% of the iron detected in the oxidized glasses 
prepared with H3PO4 were reduced Fe2+ ions.
The Met ssbauer data also show that the Fe2+ fraction in the reduced Series B 
glasses increased from 53.7 to 83.7% with the initial increase in the Mo/(Mo+Fe) ratio 
from 0.00 to 0.08 (Table 2). Similar increases in Fe2+ fractions (20 to 26%) were 
observed for MoO3-Fe2O3-P2O5 glasses when the MoO3 content increased from 5 to 15 
mol%, and this was attributed to the oxidation of Mo5+ to Mo6+ in the glass melt by the 
reduction of Fe3+ to Fe2+, as indicated by equation (2) [39].
Mo5+ + Fe3+ ^  Mo6+ + Fe2+ (2)
A similar equilibrium was proposed to describe the synthesis of Sr-Fe-Mo-O 
cathode materials for solid state fuel cells (SOFCs) [40,41].
It is worth noting that for the Mo-free glass in the reduced Series B, the Fe2+ 
fraction determined by titration (37%) was lower than that determined from the 
Met ssbauer analysis (53.7%); this might be due to the oxidation of Fe2+ by the sulfuric 
acid used to create the solutions for the titration analyses solution [42], and may indicate 
that the titration analyses underestimated the total number of reduced species in these 
glasses.
The local coordination environments of Fe3+ and Fe2+ ions in iron phosphate 
glasses have been extensively studied by M0 ssbauer spectroscopy [6,8,27,31]. Generally, 
three types of Fe-polyhedral sites are recognized in iron phosphate glasses: ferric 
tetrahedra (Fe3+O4), ferric octahedra (Fe3+O6), and ferrous octahedra (Fe2+O6). For the 
oxidized (H3PO4) glasses, the fraction of Fe3+O6 sites increased with increasing
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Mo/(Mo+Fe) ratio in Series B (Table 2). For the reduced (NH4H2PO4) glasses, the Fe2+O6 
sites were predominant (53.7%-84.6%,) for all compositions.
The isomer shift (IS) values of the Fe-polyhedral sites increased in the sequence 
of Fe3+O4 < Fe3+O6 < Fe2+O6, in agreement with the decreasing relative covalency of the 
Fe-O bonds associated with Fe-polyhedral sites studied by neutron diffraction [43]. In 
general, the IS values of both Fe3+O4 and Fe3+O6 sites in oxidized glasses are greater than 
those in reduced glasses (Table 2), indicating that the relative covalency of the Fe-O 
bonds associated with these sites is lower in oxidized glasses than in reduced glasses with 
the same nominal compositions. For oxidized glasses, the degree of Fe-O bond covalency 
in the Fe3+O4 and Fe3+O6 sites shows little compositional dependence, indicated by the 
small variance in the IS values with increasing Na2O content in Series A, and with 
increasing Mo/(Mo+Fe) in Series B (Table 2). For the reduced Series A glasses, the 
degree of Fe-O bond covalency for the Fe3+O4 sites decreased with increasing Na2O 
content, indicated by the increasing IS values, whereas the IS values of the Fe3+O6 and 
Fe2+O6 sites show little dependence on composition (Table 2).
Ferrous octahedral (Fe2+O6) sites have much greater quadrupole splitting (QS) 
values than do the ferric tetrahedral (Fe3+O4) and octahedral (Fe3+O6) sites, as shown in 
Table 2. This is due to the inequivalent electronic configuration (3d6(5D4)) of Fe2+ 
compared to a spherically symmetric electronic configuration (3d5(6S5/2)) of Fe3+ [8]. The 
QS values for the Fe3+O4 and Fe3+O6 sites are only affected by the deformation of the 
charge distribution induced by the surrounding ions [8,31,44]. In other words, the QS 
values for the Fe3+ polyhedral sites can be used to assess the degree of distortion 
associated with different iron sites and a larger QS value means greater distortion. For the
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oxidized glasses, the increasing Na2O contents in Series A and the replacement of Fe2O3 
by MoO3 in Series B both decrease the distortion associated with both the Fe3+O4 and 
Fe3+O6 sites, as indicated by the systematically decreasing values of QS, shown in Figure 
9. For reduced glasses, the degree of distortion of both the Fe3+O4 and Fe3+O6 sites is less 
affected by changes in glass compositions, as indicated by the smaller variance of the QS 
values compared to oxidized glasses (Table 2), whereas the Fe3+O4 sites are generally 
more distorted than the Fe3+O6 sites for the same composition. The Fe3+O4 sites in a 
reduced glass have greater QS values than those in the oxidized glass with a similar 
composition, indicating that the Fe3+O4 sites are more distorted in the reduced glasses 
than in oxidized glasses.
Raman spectra, like those shown in Figure 7 and Figure 8, provide qualitative 
information about the various Mo-polyhedral sites in phosphate glasses. For example, 
Raman peaks between 920 and 1000 cm-1 indicate the presence of octahedral molybdate 
sites [37]. The molybdate tetrahedra in crystalline Na2MoO4 have a strong stretching 
mode (m) at 894 cm-1 [45], and there is no clear evidence in the spectra shown in Figure 
7 and Figure 8 that such tetrahedra exist in the structures of these Na-Mo-Fe-phosphate 
glasses.
With increasing Na2O content in the oxidized Series A (H3PO4) glasses (Figure 
7a), the intensity of the dominant Mo=O stretching band at 997 cm-1, associated with 
distorted Mo5+O5 sites, decreases and the intensity of the Mo-O stretching band at 970 
cm-1 increases and shifts slightly to lower frequency. In addition, the relative intensity of 
the band at ~ 860 cm-1, associated with Mo-O-Mo linkages, gradually decreases with 
increasing Na2O content. These trends indicate that the Na2O added to these glasses is
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associated with anionic Mo-octahedral sites, transforming Mo=O and Mo-O-Mo bonds to 
Mo-O'Na+ bonds. The addition of Na2O to the oxidized Series-A glasses has little effect 
on the phosphate anion distributions, as revealed by HPLC (Figure S3a), and this 
supports the hypothesis that the addition of Na2O instead modifies the molybdate species 
in these glasses. Similar spectral trends were observed with the addition of Cs2O to Mo- 
Fe-phosphate glasses [27]. The influence of increasing Na2O contents on the Raman 
spectra of the reduced Series A glasses (Figure 7b) is less obvious, probably due to the 
significantly greater fractions of Mo5+O5 in these glasses. Nevertheless, the distributions 
of phosphate anions in the reduced glasses were also relatively unaffected by the 
increasing Na2O content (Figure S3b), again supporting the hypothesis that the addition 
of Na2O affects the Mo=O, Mo-O-Mo and Mo-O-P bonds much more so than the P-O-P 
bonds that constitute the glass structures.
For the Raman spectra of the oxidized Series B glasses, shown in Figure 8a, the 
peak associated with the Mo-O stretching mode of Mo6+O6 emerges at 963 cm-1 with a 
shoulder at 921 cm-1 in the spectrum of the Mo/(Mo+Fe)=0.08 glass, and these peaks 
gradually dominate the Raman spectra with increasing Mo/(Mo+Fe) ratio. The 
frequencies of these two peaks are in good agreement with those found for isolated MoO6 
units in crystalline NiMoO4 [38], and so similar sites are likely to be present in the 
structures of the oxidized Series B glasses. Similar conclusions were drawn from the 
Raman spectra from Cs-Mo-Fe-phosphate glasses [27]. These anionic isolated MoO6 
octahedral sites are most likely to be associated with Na+ ions rather than forming Mo-O­
X linkages (X=Fe, Mo and P) with the glass network. When MoO3 replaces Fe2O3, the 
fraction of the isolated MoO6 octahedral sites increases and so the oxygens associated
with the Mo-O'Na+ bonds are excluded from the phosphate anions and this leads to the 
polymerization of the phosphate network, which is confirmed by the increasing anion 
size, n, with increasing Mo/(Mo+Fe) ratio, determined by chromatography (Figure 6a).
The Raman spectra of the reduced Series B glasses, shown in Figure 8b, reveal 
that the initial replacement of Fe2O3 by MoO3 results in the development of both the Mo­
O stretching band (at 944 cm-1), associated with Mo6+O6 units, and the Mo=O stretching 
band (at 989 cm-1) associated with Mo5+O5 units. A relatively greater intensity of the 
former band compared to the latter one was observed, indicating a relatively greater 
concentration of Mo6+ in these glasses. This is possibly the result of the oxidation of 
Mo5+ by Fe3+ (equation 2), consistent with the greater fraction of Fe2+ in the 
Mo/(Mo+Fe)=0.08 glass than in the Mo/(Mo+Fe)=0.00 glass (Table 1). As the 
Mo/(Mo+Fe) ratio increases, the Mo=O stretching band associated with Mo5+O5 
gradually dominates the Raman spectra, relative to the intensity of the Mo-O stretching 
band associated with Mo6+O6, indicating an increase in the relative Mo5+ fraction in the 
glass.
Figure 10 shows the relative peak area ratio between the Mo=O and Mo-O 
stretching bands associated with Mo5+O5 (998 cm-1) and Mo6+O6 (976 cm-1), respectively. 
Generally, this ratio indicates that a greater fraction of Mo5+O5 sites exist in the reduced 
(NH4H2PO4) glasses than in the oxidized (H3PO4) glasses. The relative peak ratio of 
Mo5+O5-to-Mo6+O6 for the Fe-free (Mo/(Mo+Fe)=1.00) reduced glass is approximately 
eight times greater than that for the Fe-free oxidized glass. In addition, a systematic 
increase in the Mo5+O5 fraction was observed for the reduced glasses with an increase in 
the Mo/(Mo+Fe) ratio, whereas the fraction of Mo5+O5 decreased when MoO3 replaced
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Fe2O3 in the oxidized glasses (Figure 10). These trends are consistent with the trends of 
the concentrations of the combined reduced ions by titration analysis (Table 1), although 
the latter is also influenced by the greater Fe2+ fractions, as well.
4.2. PHOSPHATE NETWORK
Chromatography showed that the average phosphate anion size for both sets of 
oxidized (H3PO4) and reduced (NH4H2PO4) Series A glasses did not change much with 
increasing Na2O content (Figure S3). In contrast, the replacement of Fe2O3 by MoO3 in 
the Series B glasses had significant but different impacts on the average phosphate anion 
sizes of the oxidized and reduced glasses (Figure 6). As discussed above, Na+ ions are 
associated with the Mo-polyhedral sites rather than with the phosphate anions. For the 
oxidized Series B glasses, the systematic increase in average phosphate anion length (n) 
with increasing Mo/(Mo+Fe) ratio (Figure 6a) can be attributed to the formation of a 
separate molybdate network competing with phosphate anions for oxygens by the 
formation of MoO6 sites and by the modification of Mo=O and Mo-O-Mo bonds. For the 
reduced Series B glasses (Fiure 6b), n initially increases, from 2.6 to ~5.6, with 
increasing Mo/(Mo+Fe) ratio, from 0.00 to 0.22, whereas further increases in the 
Mo/(Mo+Fe) ratio resulted in a subsequent decrease in n . For glasses with 
Mo/(Mo+Fe)<0.22, the initial increase in n can also be explained by the formation of the 
separate molybdate network that again competes for oxygens with the phosphate 
network, as indicated by the relatively large intensity of the Mo6+O6 Raman band at 976 
cm-1 (Figure 10). Distorted Mo5+O5 octahedra dominate the Raman spectra from reduced 
glasses with Mo/(Mo+Fe)>0.22, and the associated decrease in n (Figure 6b) indicates
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that these species are linked to PO4 tetrahedra, so that the resulting Mo-O-P bonds 
replace P-O-P bonds, and thus decrease n.
The average phosphate anion-lengths (n) for both the oxidized and reduced 
glasses determined by HPLC are generally greater than those predicted from the analyzed 
O/P ratios, assuming that all oxygens in the glass are associated with phosphate anions. 
The simple relationship between the O/P ratio and the average phosphate anion-length 
(n) is given by [46]:
n =
1
(O/P) -  3 (3)
Figure 11 shows the relationship between n and O/P, after the latter was adjusted 
to account for the estimated fractions of Fe2+ and Mo5+ (Table 1). The analyzed values 
(data points) of n for most glasses are greater than the predicted ones (dashed line), 
although for the reduced glasses, there is a systematic decrease in n with increasing O/P 
ratio, as expected from equation (3). In general, the average phosphate anion lengths of 
the oxidized glasses are greater than those of reduced glasses, suggesting that the fraction 
of oxygen extracted from the phosphate anions by a separate molybdate subnetwork is 
greater for the oxidized glasses than the reduced glasses. This is consistent with the 
observation from their Raman spectra (Figure 7 and Figure 8) that the intensities of the 
stretching modes associated with Mo-O-Mo and isolated Mo6+O6 are remarkably stronger 
in the oxidized glasses than in the reduced glasses.
A variety of polyhedral units have been proposed for the structures of 
molybdophosphate glasses based on corresponding crystalline analogues, including 
MoO2(PO3)2, (MoO2)2P2O7 and MoOPO4 [18]. For example, the structure of MoOPO4
consists of highly distorted Mo5+O5 octahedral chains interconnected by isolated PO4 
tetrahedra to form a three-dimensional network with the highest cross-link density among 
all groups [47]. Similar distorted Mo5+O5 octahedra were identified from the Raman 
spectra of Mo-rich (Mo/(Mo+Fe)>0.40) reduced Series B glasses (Figure 8b), and their 
presence corresponds with the increased fraction of monophosphate anions (PO4-) 
identified by chromatography (Figure 6b).
Figure 12 summarizes some of the possible molybdate-phosphate structural 
moieties proposed for the Na-Mo-Fe-phosphate glasses. The Mo6+O6 octahedron (Figure 
12a) may be present in isolated sites, linked between phosphate chains (n>3) (Figure 12b) 
or connected with diphosphate anions (P2O -̂) (Figure 12c). These anionic structural units 
can be charge balanced by other cations (Na+, Fe2+ and Fe3+) and are mutually 
crosslinked within the glass network. On the other hand, the dominant distorted Mo5+O5 
octahedra in the reduced glasses are expected to be associated with the monophosphate 
anions to form a highly crosslinked three-dimensional network resembling the structure 
of MoOPO4 (Fiure 12d). It should be noted that the Na-Mo-Fe-phosphate glass structure 
cannot be solely constructed by MoOPO4-like structural units; for example, the greatest 
fractions of P1 monophosphate anions was about 12% in the reduced Mo-rich series B 
glasses (Figure 6b), consistent with the observation that no more than about 20% of the 
networks of binary MoO3-P2O5 glasses consist of these MoOPO4-like units [48]. Instead, 




4.3. REDOX AND STRUCTURAL EFFECTS ON GLASS PROPERTIES
The systematic decrease of the molar volume with increasing Na2O content in 
both oxidized (H3PO4) and reduced (NH4H2PO4) Series A glasses (Figure 1) may be 
explained by the decreasing molar fraction of oxygen in the glasses when Na2O replaces 
the other oxides. Oxygen anions (O2-) have a larger ionic radius (1.40 A, octahedral) than 
the smaller cations, e.g. Na+ (1.02 A, octahedral), Fe3+ (0.55 A, octahedral), Mo6+ (0.59 
A, octahedral), and P5+ (0.17 A, tetrahedral) [49] and so decreasing the oxygen content 
with increasing Na2O content may lead to the decrease in molar volume. Similarly, the 
reduced glasses had greater oxygen losses and show lower molar volumes than oxidized 
glasses with same nominal compositions (Figure 1). For instance, the molar volumes of 
the Mo-free oxidized and reduced Series B glass are 45.8±0.1 and 44.2±0.2 cm3/mol 
respectively (Figure S1). Similarly, the molar volumes of a 40Fe2O3-60P2O5 glasses 
decreased from 40.7±0.3 to 39.2±0.3 cm3/mol when melted under conditions that 
increased the Fe2+ fraction from 17% to 50% [9]. In that latter case, the oxygen loss had a 
greater (negative) effect on molar volume than the positive effect expected from the 
larger Fe2+ ions replacing the Fe3+ ions.
Figure 13 shows the compositional dependences of molar volume after 
normalizing to the estimated oxygen content (MV/[O]) of each glass, determined from 
the chemical analyses and redox state measured by titration (Table 1). Reduced glasses, 
particularly in Series A, have lower values of MV/[O] than the oxidized glasses, 
consistent with the observation that the structures of the reduced glasses incorporate 
greater fraction of the densely cross-linked MoOPO4 sites, associated with the higher 
Mo5+ fractions. The Mo-O-Mo and Mo-O-P linkages are broken with increasing Na2O
contents in Series A oxidized glasses, and the resulting formation of isolated Mo6+O6 
octahedra, revealed by the Raman spectra (Figure 7a), may be associated with the 
increases in MV/[O]. Likewise, the Raman spectra reveal the presence of significantly 
more isolated Mo6+O6 octahedra in the Mo-rich oxidized glasses than in the reduced 
compositions (Figure 8, Figure 10), and this may account for the differences in the values 
of MV/[O] shown in Figure 13 for the Mo-rich (Mo/(Mo+Fe)>0.40) Series B glasses.
The glass transition temperatures (Tg) of the Fe-rich (Mo/(Mo+Fe)<0.40) reduced 
glasses, prepared with NH4H2PO4, are lower than the values of Tg from the related 
oxidized glasses prepared with H3PO4 (Figure 3). For phosphate glasses, the addition of 
cations with greater field strengths generally increases the structural rigidity, and this is 
reflected by an increase of Tg [34]. Fe3+ cations have a greater field strength (0.76 valence 
units/A2) than do Fe2+ cations (0.43 valence units/A2) [31]. Thus, the lower values of Tg 
in the Fe-rich reduced glasses can be attributed to the significant fractions of lower field 
strength Fe2+ cations. On the other hand, the values of Tg for the Mo-rich 
(Mo/(Mo+Fe)>0.40) reduced Series B glasses are greater than those for the respective 
oxidized Series B glasses (Figure 3). Highly cross-linked MoOPO4-like structural units 
based on the distorted Mo5+ octahedra form in the reduced glasses, whereas the isolated 
Mo6+O6 sites associated with the Mo-O-Na+ bonds in oxidized glasses decrease the 
fraction of structural cross-linkages by replacing Mo-O-Mo and Mo-O-P bonds. 
Consequently, the higher Tg of the Mo-rich reduced glasses may result from the more 
cross-linked network and rigid structure, compared to the oxidized glasses with the 
formation of isolated Mo6+O6 sites. A similar dependence of Tg on the Mo5+ 
concentration was reported for Li2O/Na2O-(MoO3)2-P2O5 glasses [23].
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The high M0 O3 contents (Mo/(Mo+Fe)>0.40) in both sets of Series B glasses 
greatly suppress crystallization tendency, as indicated by the DTA data in Figure 2. A 
similar phenomenon was observed and discussed in detail for Cs-Mo-Fe-phosphate 
glasses [27]. For Fe-rich (Mo/(Mo+Fe)<0.40) glasses with similar compositions, the large 
fraction of Fe2+ in the reduced Series B glasses appears to favor the crystallization of 
Fe3(P2O7)2 compared to oxidized Series B glasses (Figure 2).
The compositional and redox effects on structure that help explain the trends in 




Significantly greater fractions of reduced Fe2+ and Mo5+ ions were found in 
glasses prepared with NH4H2PO4 than in glasses prepared with H3PO4, and the effects of 
these reduced cations on the structure and properties of the Na-Mo-Fe-phosphate glasses 
have been described. Mo ssbauer spectroscopy shows that tetrahedral Fe3+ sites are 
generally more distorted in reduced glasses than in oxidized glasses. The degree of 
distortion of both octahedral and tetrahedral Fe3+ sites in oxidized glasses increases with 
increasing Na2O content (Series A) and increasing Mo/(Mo+Fe) ratio (Series B). Raman 
spectra reveal the development of isolated Mo6+O6 octahedra upon the addition of Na2O 
in the oxidized Series A glasses. The removal of oxygen from the phosphate anions by 
the formation of Mo-O-Na+ bonds leads to the formation of longer phosphate anions in 
the oxidized Series B glasses, as shown by HPLC. In contrast, Mo5+O5 polyhedra are the
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dominant Mo-species in reduced glasses and the formation of the corresponding 
MoOPO4-like structural units increases the structural cross-link density of Mo-rich 
glasses. As for the Mo-rich glasses, the higher Tg and lower normalized molar volumes 
(MV/[O]) of the reduced glasses are both attributed to the greater cross-link density of the 
MoOPO4-like structural units associated with the high fractions of Mo5+, compared to the 
oxidized glasses. Generally, the greater field strength of Fe3+ ions compared with Fe2+ 
ions accounts for the greater Tg in the Fe-rich oxidized glasses, and the increased fraction 
of isolated Mo6+O6 octahedra is likely associated with the increased MV/[O] in the Mo- 
rich oxidized glasses.
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Table 1. Nominal and analyzed compositions of the Na-Mo-Fe-phosphate glasses.
G lass
N om inal com position  (m ol% ) A nalyzed  com position  (m ol% , uncerta in ty  < 6% )
Na2O MoO3 Fe2O3 P 2 O 5 Na2O MoO3 Fe2O3 P 2 O 5 SiO2
M o/(M o
+Fe)
M o 5++ F e2+ n/








Series A - 
H 3 PO 4
0.0 15.0 22.5 62.5 0.0 14.2 23.6 59.4 2.8 0.23 13.4 3.50 3.47
7.5 13.3 19.8 59.4 7.4 13.4 20.9 55.3 3.0 0.24 8.0 3.55 3.53
15.0 11.5 17.2 56.3 15.7 11.9 18.4 53.5 0.5 0.25 4.3 3.50 3.49
22.5 9.7 14.7 53.1 23.6 10.9 15.6 49.5 0.4 0.26 4.9 3.55 3.54
Series B - 
H 3 PO 4
15.0 28.7 0.0 56.3 17.5 29.4 0.0 49.4 3.7 1.00 1.9 3.64 3.64
15.0 23.0 5.7 56.3 17.3 22.3 6.1 52.9 1.4 0.65 6.4 3.49 3.48
15.0 17.2 11.5 56.3 16.8 16.0 12.0 53.3 1.9 0.40 5.0 3.48 3.47
15.0 11.5 17.2 56.3 15.7 11.9 18.4 53.5 0.5 0.25 4.3 3.50 3.49
15.0 5.7 23.0 56.3 15.1 6.2 24.6 54.0 0.1 0.11 3.8 3.50 3.49
15.0 0.0 28.7 56.3 14.2 0.0 31.9 53.7 0.1 0.00 5.2 3.53 3.51
Series A - 
N H 4 H 2 PO 4
0.0 15.0 22.5 62.5 0.0 11.1 23.6 63.7 1.6 0.19 50.6 3.34 3.22
7.5 13.3 19.8 59.4 9.4 10.2 19.4 59.9 1.1 0.21 50.4 3.34 3.24
15.0 11.5 17.2 56.3 16.6 9.2 16.4 56.7 1.1 0.22 48.8 3.34 3.25
22.5 9.7 14.7 53.1 25.6 8.1 14.3 51.2 0.8 0.22 45.2 3.42 3.34
Series B - 
N H 4 H 2 PO 4
15.0 28.7 0.0 56.3 16.8 30.4 0.0 50.5 2.3 1.00 - 3.61 -
15.0 23.0 5.7 56.3 15.0 24.1 5.8 53.8 1.3 0.67 25.4 3.50 3.46
15.0 17.2 11.5 56.3 16.8 15.8 11.4 54.2 1.8 0.41 38.1 3.44 3.37
15.0 11.5 17.2 56.3 16.6 9.2 16.4 56.7 1.1 0.22 48.8 3.34 3.25
15.0 5.7 23.0 56.3 16.6 4.1 22.5 55.7 1.1 0.08 68.6 3.39 3.23
15.0 0.0 28.7 56.3 16.4 0.0 29.1 53.3 1.2 0.00 36.6 3.50 3.40
*Adjusted to account for the oxygen lost with the reduction of Fe3+ anc Mo6+ to Fe2+ and Mo5+, respectively. 107
Table 2. Summary of the spectral parameters used to deconvolute the Mossbauer spectra, with estimated errors in parentheses.
Values of IS, QS and FWHM (w) are in mm/s.
G lass F e3+ octahedra F e3+ te trahed ra F e2+ octahedra x2
N 2 O m ol% IS a Q Sa w a Fraction% IS a Q Sa w a F raction0/ IS a Q Sa w a F r a c t io n /
Series A - 
H 3 PO 4
0.0 0.56(3) 0 .86(2) 0.34(2) 29 .5(2) 0.31(2) 0.89(1) 0.40(3) 70.5(2) ndb 0.57
7.4 0.55(2) 0 .78(2) 0.30(3) 42 .1(7) 0.29(2) 0.79(3) 0.38(1) 57.9(7) nd 0.53
15.7 0.55(1) 0 .74(3) 0.36(2) 41 .1(4) 0.31(1) 0.72(2) 0.30(3) 58.9(4) nd 0.94
23.6 0.57(2) 0 .70(2) 0.28(2) 39 .3(3) 0.32(2) 0.71(4) 0.34(3) 60.7(3) nd 0.73
M o/(M o+ Fe)
Series B- 
H 3 PO 4
0.65 0.52(5) 0.54(4) 0.40(5) 65(4) 0.28(3) 0.59(3) 0.40(4) 35(4) nd 1.63
0.40 0.55(3) 0.59(2) 0.32(6) 49(4) 0.32(2) 0.61(2) 0.34(4) 51(4) nd 0.63
0.25 0.55(1) 0.74(3) 0.36(2) 41 .1(5) 0.31(1) 0.72(2) 0.30(3) 58.9(5) nd 0.94
0.11 0.57(2) 0.78(1) 0.28(3) 37 .7(2) 0.30(2) 0.80(2) 0.36(3) 62.3(2) nd 0.89
0.00 0.56(3) 0.79(1) 0.34(6) 42 .0(3) 0.36(2) 0.83(5) 0.34(3) 51.7(4) 1.06(2) 2 .4(5) 0.34(6) 6 .3(2) 1.67
N a 2 O m ol%
Series A - 
N H 4 H 2 P 
O 4
0.0 0.51(5) 0.84(8) 0 .32(7) 11.4(6) 0.23(4) 0.98(6) 0.20(7) 5.8(8) 1.23(3) 2.16(7) 0 .48(5) 82.8(8) 0.58
9.4 0.50(7) 0.70(8) 0 .20(6) 8.9(4) 0.24(3) 0.74(3) 0.28(2) 7.1(3) 1.23(2) 2.17(6) 0 .50(5) 84.0(2) 0.57
16.6 0.49(7) 0.78(6) 0 .20(8) 3 .0(6) 0.28(4) 0.86(7) 0.20(5) 12.4(8) 1.26(2) 2.16(8) 0 .46(4) 84.6(8) 0.68
25.6 0.50(2) 0.74(4) 0 .22(4) 8.6(5) 0.31(2) 0.68(3) 0.20(4) 8.5(4) 1.23(2) 2.25(3) 0 .40(4) 82.9(6) 1.52
M o/(M o+ Fe)
Series B- 
N H 4 H 2 P 
O 4
0.67 0.48(3) 0.67(4) 0.34(4) 18.4(8) 0.24(4) 0.72(4) 0.30(6) 11.6(9) 1.26(1) 2.11(6) 0.48(4) 70(8) 0.60
0.41 0.46(6) 0.85(8) 0.22(8) 7(1) 0.27(7) 0.80(6) 0.32(7) 18(2) 1.27(3) 2.10(8) 0.48(7) 75(3) 0.57
0.22 0.49(7) 0.78(6) 0.20(8) 3 .0(6) 0.28(4) 0.86(7) 0.20(5) 12.4(8) 1.26(2) 2.16(8) 0.46(4) 84.6(8) 0.68
0.08 0.51(6) 0.80(6) 0.20(5) 4 .0(9) 0.28(4) 0.84(6) 0.26(4) 12.3(7) 1.26(2) 2.16(5) 0.48(2) 83.7(7) 0.87
0.00 0.53(2) 0.77(2) 0.28(2) 24.0(7) 0.27(2) 0.85(4) 0.26(2) 22 .3(5) 1.27(4) 2.12(5) 0.48(1) 53.7(3) 1.66
aThe isomer shift (IS), quadrupole splitting (QS) and FWHM (ful width at half maximum, w) are area weighted average values.
bnd: not detected 108
Table 3. Summary of the Raman band assignments for the Na-Mo-Fe-phosphate glasses.
Raman band frequency (cm 1) Assignment
200-600 Phosphate network bending [31,35]
~400 P-O-Mo bending [36]
~700 P-O-P symmetric stretch (Q2) [31,35]
~750 P-O-P symmetric stretch (Q1) [31,35]
~860 Mo-O-Mo stretch [36]
890-1000 P-O-P asymmetric stretch [31,35]
~960 Mo-O- symmetric stretch in isolated Mo6+O6 [27,38]
~976 Mo-O symmetric stretch in Mo6+O6 [37]
~998 Mo=O symmetric stretch in Mo5+O5 [37]
~1010 PO4 symmetric stretch (Q0) [31,35]
~1090 PO3 symmetric stretch (Q1) [31,35]













Figure 1. Density (closed squares) and molar volume (open squares) of Series A glasses 
prepared with (a) H3PO4 and (b) NH4H2PO4 as functions of the respective analyzed Na2O
contents.
Figure 2. DTA data for the Na-Mo-Fe-phosphate Series B glasses prepared with (a) 
























Figure 3. Glass transition temperatures of the Na-Mo-Fe-phosphate glasses; squares are 
glasses prepared with H3PO4 and circles are glasses prepared with NH4H2PO4; Series A 
(open symbols) as functions of the Na2O content (top axis) and Series B (closed symbols) 
as functions of the Mo/(Mo+Fe) ratio (bottom axis).
S e rie s  B -H 3P 0 4 S e rie s  B -N H 4H 2P 0 4
- 4 - 2  0  2
V e lo c ity  (m m /s )
Figure 4. Mossbauer spectra of the Series B glasses prepared with (a) H3PO4 and with (b)
NH4H2PO4.
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Figure 5. Deconvolution (solid line) into three sets of doublets (dashed lines) of the 










Series B-H3P 04 Series B-NH4H2P 04
---- 1-----1---- 1-----
UU
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Figure 6. Chromatographs of the Series B glasses prepared with (a) H3PO4 and with (b) 
NH4H2PO4. The average lengths of the phosphate anions (n) are given and the asterisk 
denotes estimated values due to uncertainties associated with the unresolved large anions.
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Figure 7. Raman spectra of Series A glasses prepared with (a) H3PO4 and with (b) 
NH4H2PO4. Assignments to various vibrational modes are indicated, as described in the
text.
Figure 8. Raman spectra of Series B glasses prepared with (a) H3PO4 and with (b) 
NH4H2PO4. Assignments to various vibrational modes are indicated, as described in the
text.
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Figure 9. QS values for Fe3+ in octahedral (square) and tetrahedral (triangle) sites from 
the oxidized (H3PO4) glasses; Series A (open symbols) as function of the Na2O content 
(top axis) and Series B (closed symbols) as function of the Mo/(Mo+Fe) ratio (bottom
axis).
Figure 10. Relative intensity ratio of the Mo=O and Mo-O Raman stretching bands 
associated with Mo5+O5 (998 cm-1) and Mo6+O6 (976 cm-1) polyhedra, respectively, as a 
function of the analyzed Mo-contents of the Series B glasses.
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Figure 11. The compositional dependence of the average length of phosphate anions (n) 
determined by HPLC for oxidized (squares) and reduced (circles) glasses. The dashed 
line is the predicted relationship from Eq. (3). Open and closed symbols represent the 
Series A and Series B glasses, respectively, and the half-open symbols represent the 
overlapped compositions from both series.
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Figure 12. Illustrations of various types of possible molybdate-phosphate structural units 
in the Na-Mo-Fe-phosphate glasses; (a) isolated Mo6+O6 octahedron, (b) Mo6+O6 
octahedron connected with phosphate chains (n>3), (c) Mo6+O6 octahedra connected with 











Figure 13. Compositional dependence of the normalized molar volume by the amount of 
oxygen MV/[O] in Na-Mo-Fe-phosphate glasses. Open and closed symbols represent the
Series A and Series B glasses, respectively.
SUPPLEMENTARY MATERIAL
Figure S1. Density (closed squares) and molar volume (open squares) of Series B glasses 
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Figure S2. Mossbauer spectra of the Series A glasses prepared with (a) H3PO4 and with
(b) NH4H2PO4.
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Figure S3. Chromatographs of the Series A glasses prepared with (a) H3PO4 and with (b) 
NH4H2PO4. The average lengths of the phosphate anions (n) are given and the asterisk 
denotes estimated values due to uncertainties associated with the unresolved large anions.
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ABSTRACT
The effects of composition and structure on the dissolution behavior of Na-Mo- 
Fe-phosphate glasses was determined. The dissolution kinetics initially exhibit a 
parabolic time dependence followed by a linear time dependence at longer times. 
Dissolution rate constants Kp and Kl were extracted from fits to the parabolic and linear 
kinetics, and both decrease with increasing O/P and decreasing Mo/(Mo+Fe) ratios. 
Faster dissolution was associated with glasses that had isolated Mo6+O6 sites in their 
structures. Congruent dissolution behavior was observed for the Fe-free glasses, whereas 
the Fe-containing glasses showed relatively lower release rates for Fe than the other 
elements. The latter was associated with the formation of an Fe-rich surface layer, as 
characterized by scanning electron microscopy and attenuated total reflection infrared 
spectroscopy. The development of these surface layers explain why dissolution rates in 
static conditions are generally lower than those in dynamic conditions.
Keywords: iron phosphate glass; dissolution behavior; redox effect; molybdenum oxide.
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1. INTRODUCTION
Controlling the aqueous dissolution behavior of phosphate glasses is important for 
a variety of engineering applications, such as biocompatible scaffolds and implants with 
controllable degradation rates [1], laser amplifiers with good corrosion resistance [2], and 
chemically durable materials for immobilizing nuclear waste [3]. The dissolution 
behavior of phosphate glasses in aqueous solutions greatly depends on their composition 
and structure, and low dissolution rates can be acquired by tailoring the glass 
compositions with high field strength cations (e.g. Mg2+, Al3+, Fe3+) [4,5,6]. Iron 
phosphate glasses have been extensively studied as hosts for hazardous nuclear wastes 
due to their excellent chemical durability and their ability to incorporate large 
concentrations of components that are otherwise insoluble in borosilicate glass [3,7,8].
The dissolution of glass in aqueous solutions involves several chemical reactions 
between the glass network and the solution. The process is usually initialized by the 
diffusion of water molecules into the glass network, where the water can cleave chemical 
bonds, breaking the linkages between structural units [9,10]. These reactions generally 
happen simultaneously and coupled with other effects (e.g. solution chemistry, saturation 
and barrier layer formation) during the dissolution of glass [11].
Dissolution of phosphate glasses in aqueous solutions was investigated by Bunker 
et al., who proposed that the dissolution kinetics were initially controlled by diffusion of 
water, yielding a square root time dependence for ion release, and then subsequently 
dominated by the hydration and detachment of phosphate chains, indicated by a linear 
time dependence for dissolution [12]. Delahaye et al. noted a decrease in dissolution rate
after the initial linear dissolution kinetics of phosphate glass and related it to the 
increased ionic strength in the solution and to electrostatic interactions in the hydrated 
layer [13]. The excellent chemical durability of iron phosphate glasses has been attributed 
to the development of an Fe-rich passivation layer on the reacted glass surface [14].
Chemical durability is a key measure of the reliability of materials designed for 
the isolation and immobilization of nuclear waste, and significant effort has gone into the 
development of a detailed understanding of the corrosion behavior of borosilicate glass- 
based waste forms [15]. The overall corrosion process has a complex dependence on ion- 
exchange reaction, glass-water reaction, transport of reactants/products, and the 
precipitation of alteration products [16]. Many conceptual models have been developed to 
describe the dissolution behavior of borosilicate waste forms and to predict their 
durability for long-term geological disposal [17,18,19,20]. Transition state theory was 
first adapted by Grambow et al. to explain the primary dependence of dissolution rate on 
the concentration of H4SiO4 in solution, and the dissolution rate can be modeled as the 
product of the solubility constant for the equilibrium between the solid under dissolution 
and the concentration of H4SiO4 in solution [17]. The glass reactivity with allowance for 
the alteration layer (GRAAL) model focused on the mass-transport of reactants and 
products limited by the passivating reactive interface that were formed in relatively 
concentrated solutions [20]. Such models based on thermodynamic or kinetic principles 
have been proven useful for describing the corrosion of particular types of waste forms 
under certain experimental conditions, although an integrated mechanistic model is still 
being sought to predict their long-term stability [21,22].
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In our previous study, an iron phosphate waste form loaded with 40 wt% of a high 
M0 O3, Collins-CLT waste simulant was shown to exceed the requirements of the 
Department of Energy (DOE) for high-level waste loading [23]. The overall corrosion 
rate of the partially crystallized waste form was found to be significantly dependent on 
the dissolution rate of the Mo-rich residual glass matrix [23]. As a consequence, it 
became important to understand the compositional dependence of the dissolution 
behavior of alkali Mo-Fe-phosphate glasses better understand and then optimize the 
chemical durability of the Collins CLT-waste form. In the present study, the dissolution 
behavior of several series of homogeneous Na-Mo-Fe-phosphate glasses are reported, 




Four series of Na-Mo-Fe-phosphate glasses were prepared and analyzed using the 
same methods described in previous studies [24,25]. The nominal molar compositions of 
each glass series are:
Series A: 15Na2O-xMoO3-(20.7-x)Fe2O3-64.3P2O5, x=0, 4.1, 8.3, 12.4, 16.6, 20.7; 
Series B: 15Na2O-xMoO3-(25-x)Fe2O3-60P2O5, x=0, 5, 10, 15, 20, 25;
Series C: 15Na2O-xMoO3-(28.8-x)Fe2O3-56.2P2O5, x=0, 5.8, 11.5, 17.3, 23.0, 28.8; 
Series D: yNa2O-(100-y)-(15MoO3-22.5Fe2O3-62.5P2O5), y=0, 7.5, 15.0, 22.5
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In brief, the Na-Mo-Fe-phosphate glasses were prepared with chemical reagents 
including Na2CO3 (GFS and FMC, 99.5%), MoO3 (Noah, 99%), Fe2O3 (Noah, 99.9%), 
H3PO4 (Spectrum, ACS in 85% aqueous solution) and NH4H2PO4 (Jost, 98%). Series A 
and B glasses were prepared with NH4H2PO4, whereas Series C and D glasses were 
prepared with both NH4H2PO4 and H3PO4. Glasses produced with NH4H2PO4 have 
greater Fe2+/Fe3+ and Mo5+/Mo6+ ratios than glasses produced with H3PO4, and these 
differences in redox conditions affects the properties and structures of these glasses [24]. 
The batches were well-blended then melted in fused silica crucibles (LECO) between 
1000°C to 1250°C in air for 2 to 2.5 hours prior to casting the melt into a steel mold (1.5 
cm*1.5 cm*10 cm).
The cation concentrations of the glasses were determined by X-ray fluorescence 
(ED-XRF, Spectro Xepos), using standards that were first analyzed by inductively 
coupled plasma optical emission spectrometry (ICP-OES, PerkinElmer Optima 2000 DV, 
Norwalk, USA). The combined concentrations of reduced ions (Fe2+ and Mo5+) in Series 
C and D glasses were determined by a titration technique using KMnO4 in aqueous 
solution [26]. Glass series of A, B and C were designed with the nominal O/P ratios of
3.1, 3.25 and 3.4, respectively. Series D glasses have a nominal O/P ratio of 3.4 and 
Mo/(Mo+Fe) ratio of 0.25.
2.2. DISSOLUTION TESTS
Aqueous dissolution tests were performed on monolithic pieces that were sliced 
from the annealed glass bars, polished to a finish of 600 grit using silicon carbide paper,
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and ultrasonically cleaned with acetone prior to dissolution test. Four types of tests were 
done under different experimental conditions:
Test I (static): Glass monoliths (10.0*10.0x1.5 mm, triplicates) were immersed in 
50 ml of deionized (DI) water and held for up to 21 days. Dissolution experiments were 
performed at 60±2°C for Series A, B and D glasses, and at 21, 60 and 90±2°C for Series 
C glasses.
Test II (semi-dynamic): Monoliths (10.0*10.0*1.5 mm, triplicates) of Series B 
glasses were initially immersed in 50 ml of DI water at 60±2°C and the solutions were 
replenished with fresh DI water for every indicated time interval (4, 10, 24, 42, 66, 97, 
132, 186, 255 and 325 h).
Test III (static): Concentrated solutions were first produced by immersing 
monoliths of Series B glasses (10.0*10.0*1.5 mm, triplicates) in 50 ml of DI water at 
60±2°C for 21 days, then pristine glass monoliths (10.0*10.0*1.5 mm, triplicates) were 
tested in the resulting leachate at 60±2°C for up to 21 days.
Test IV (static): Monoliths (7.5*7.5*1.5 mm) of selected Series C glasses (x=0.0, 
11.5 and 28.8) were finely polished from 600 grit to 1pm surface finish. These 
monolithic pieces (duplicates) were immersed in 25 ml of DI water and held at 60±2°C 
for different time periods (1, 3, 7, 15 and 28 days).
In Tests (I), (II) and (III), the initial SA/V ratio (surface area of monolith piece to 
the solution volume) was 5.2±0.2 m-1. For each weight measurement, the glass pieces 
were temporarily removed from solution and dried overnight at 90°C. The weight loss of 
each piece was measured, then the glass pieces were returned into their respective 
solutions to resume the test. For Test (IV), the initial SA/V ratio was 6.3±0.2 m-1 and the
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reacted glass pieces after each time period were permanently removed from the solution 
and dried prior to the weight loss measurement. Mass fraction reacted (a) of each glass 
piece was calculated by dividing the weight loss after a specific time (AW) by the 
original weight of the unreacted piece (W), a= AW/W. The pH value of the solutions in 
all tests were measured after specific time intervals at room temperature using a pH 
electrode (Fisher Scientific, Accumet 25). For static tests, ion concentrations (ppm levels) 
in solution was determined by ICP-OES at 11 days and 21 days for Test (I), at 0 and 21 
days for Test (III), and at the end of each time interval for Test (IV). For the semi­
dynamic Test (II), ion concentrations in solution were analyzed at specific time intervals 
(4, 24, 66, 132, 255 and 504 h).
2.3. SURFACE CHARACTERIZATION
A Nicolet™iS™50 Fourier-transform infrared spectroscopy (FT-IR, Thermo 
Fisher Scientific Inc., Madison, WI, USA) system was used for the attenuated total 
reflection infrared spectroscopy (ATR-IR) analysis of the selected Series C glasses after 
Test (IV) using a built-in all-reflective diamond ATR module. The reacted glass surface 
was placed in contact with the ATR monolithic diamond crystal with an applied force of 
267 N over a 1.8 mm2 sampling area. Spectra were collected in the range from 4000 to 
400 cm-1 with an average of 48 scans and a spectral resolution of 4 cm-1. All spectra were 
corrected with straight baseline subtraction for comparison and less than 5% variance in 
peak intensity was obtained from three measurements from each sample.
Surface morphologies and compositions of the selected Series C glasses after Test 
(IV) were characterized by scanning electron microscopy (SEM, FEI Helios NanoLab™
600 DualBeam, Hillsboro, Oregon) with energy-dispersive X-ray spectrometry (EDS).




Every glass studied here was x-ray amorphous. Their analyzed compositions 
(Table 1) generally had 1-3 mole% SiO2, picked up from the silica crucible used to 
prepare the glasses, and had lower P2O5 contents than were batched. The analyzed 
compositions will be used when discussing compositional effects on dissolution rates.
3.1. STATIC TESTS IN DI WATER
The mass fraction of reacted sample (a) calculated from the weight loss data for 
the Series C-NH4H2PO4 and Series D-NH4H2PO4 glasses in 60±2°C deionized (DI) water 
using static Test (I) are shown as functions of dissolution time in Figure 1a and Figure 1b 
respectively. For both series, significant weight loss occurs in the first 48 hours of 
reaction, with slower weight loss rates after that. For the Series C glasses, the initial 
replacement of Fe2O3 by MoO3 (Mo/(Mo+Fe)=0.08) results in an increase in the average 
weight loss by roughly a factor of 5. Further increase of Mo/(Mo+Fe) from 0.08 to 0.41 
shows little effect on the weight loss of glass, whereas the weight loss is increased by 
several orders of magnitude for glasses with the greatest MoO3 contents 
(Mo/(Mo+Fe)>0.67). For Series D, the general weight loss is similar for glasses with up
to 16.6 mol% Na2O, but was significantly greater (factor of ten) after 21 days for the 
glass with 25.6 mol% Na2O.
Figure 1c and Figure 1d show the pH values of the leachate solutions for Series 
C-NH4H2PO4 and Series D-NH4H2PO4 glasses as functions of the dissolution time, 
respectively. For every experiment, there is a rapid decrease in solution pH over the first 
48 hours of an experiment, followed by slower decrease in pH values. In general, the 
kinetics of the pH change are similar to the kinetics of the weight losses shown in Figure 
1a and Figure 1b, with the faster dissolving glasses more quickly creating more acidic 
solutions. Similar trends for weight loss and solution pH with dissolution time were noted 
for the Series A and Series B NH4H2PO4 glasses (Figure S1), where greater weight loss 
and more acidic solutions were found for glasses with greater Na2O and MoO3 contents.
The concentration of ions in the leachate solutions were normalized to their 
respective analyzed glass compositions (Table 1, [24]) and the normalized mass release 
for each element, NL(i) (g/m2), was calculated by the following equation [27],
C
NL(i) = (TTxl w F) (1)
where C is the measured concentration of an element (mg/L) in solution by ICP-OES, f is 
the mass fraction (wt.%) of the element in the glass, calculated from the analyzed 
composition, and SA/V is the ratio of glass surface area (m2) to solution volume (L) at 
the specific time of dissolution tests. Figure 2 shows the normalized release values of Na, 
Mo, Fe and P from Series A, B and C glasses in the static Test (I) at 60±2°C in DI water 
after 11 and 21 days on test. Within each glass series, the elemental release rates 
generally increase when MoO3 replaces Fe2O3 , consistent with the trends for weight loss 
and solution pH changes. In general, greater amounts of Na, Mo, and P were released into
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solution at 21 days than at 11 days of test, whereas the released amounts of Fe were 
similar after the two testing times. The relative concentrations of Na, Mo, and P in 
solution were generally similar to those in the respective glasses, whereas relatively less 
Fe was released to solution (Figure 2 and Figure S2).
Figure 3a shows the normalized elemental release data from the Series C- 
NH4H2PO4 glasses in 60±2°C DI water as function of dissolution time in the static Test 
(IV). Glasses with greater MoO3 contents have greater ion release rates. The Fe-free glass 
(Mo/(Mo+Fe)=1.00) dissolved congruently through the entire 28 day test, with an 
apparently linear time dependence, whereas selective leaching of Na, Mo, and P was 
observed for the two Fe-containing glasses (Mo/(Mo+Fe)=0.22 and 0.00), similar to what 
was found in Test (I) (Figure 2). The solution pH created during Test (IV) (Figure 3b) 
sharply dropped within the first day of test, then slowly decreased through the completion 
of the test; a lower pH value was found from glass with the highest Mo/(Mo+Fe) ratio, 
again consistent with the greater leaching rates found with Test (I).
3.2. SEMI-DYNAMIC TEST IN DI WATER AND STATIC TEST IN LEACHATE 
SOLUTION
Figure 4a compares the changes in the weight losses in 60±2°C deionized water 
of Series B glasses for three different testing conditions, and Figure 4b shows the 
respective changes in solution pH. Greater weight losses were observed from each 
composition during the semi-dynamic Test (II) than from the static Test (I). For the two 
Fe-containing glasses (Mo/(Mo+Fe)=0.09 and 0.42), the weight loss during Test (II) 
continued to increase after the initial 36 hours when little change in weight occurred in 
static Test (I). The starting solution for Test (III) was the respective leachate solution
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created when each sample was reacted in deionized water for 21 days, and, at least 
initially, fresh samples of the two Fe-containing glasses lost weight at rates similar to 
those in the respective static tests with water Test (I), and the Fe-free glass lost weight in 
its leachate solution at rates similar to those of the semi-dynamic Test (II) in water. All 
three glasses showed enhanced weight losses after about 250 hours on test. As shown in 
Figure 4b, the pH of the leachate solution in Test (III) was the lowest of the three tests 
and remained constant, whereas the pH values from both Test (I) and Test (II) were 
similar and decreased with time of the first 50-100 hours, before stabilizing.
Figure 5a shows the normalized leaching of elements from the Series B glasses in 
60±2°C DI water from the semi-dynamic Test (II). Under these conditions, all but the 
two Fe-rich glasses appear to dissolve congruently, selective leaching of Na and Mo is 
apparent in the first 48 hours or reaction of the Mo/(Mo+Fe)=0.22 glasses. Na and Mo 
are selectively released from the Mo/(Mo+Fe)=0.09 glasses, while Na and P are 
selectively released from the Mo/(Mo+Fe)=0.00 glasses. Figure 5b compares the 
differences in the amounts and ratios of the released elements selected Series B glasses at 
the start and completion (21 days) of Test (III) in the leachate solution. Once again, 
congruent leaching behavior is observed for the Fe-free glass (Mo/(Mo+Fe)=1.00), and 
the two Fe-containing glasses (Mo/(Mo+Fe)=0.42 and 0.09) show selective release of 
elements, with Fe release being by far the lowest. of the concentrations of Na, Mo, P ions 
in the Test (III) solutions after 21 days were significantly greater than in the original 
leachate, whereas the concentrations of iron were more or less unchanged.
Figure 6 shows scanning electron micrographs of the surfaces of three Series C 
Na-Mo-Fe-phosphate glasses “as polished”, after seven days, and after 28 days in water
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using Test (III). The Fe-free glass has a significantly pitted surface after 7 days on test 
(Figure 6a2), and a continuous, porous reaction layer after 28 days on test (Figure 6a3). 
Similar observations were made from dissolution studies of Na2O-CaO-P2O5 glasses 
[13,28]. This sample is characterized by rapid linear dissolution kinetics (Figure 3a). EDS 
indicates that the Na/P and Mo/P ratios from the surfaces of the “as polished”, seven day, 
and 28 day samples are similar (Table 3), consistent with the congruent leaching behavior 
of the glass (Figure 3a). Smaller (<0.5 pm) etch pits have formed on the surfaces of the 
Mo/(Mo+Fe)=0.22 glass after 7 days in water (Figure 6b2), and a discontinuous reaction 
layer is evident after 28 days (Figure 6b3). EDS shows that this latter reaction product 
has a greater Fe/P ratio than was found in the original glass (Table 3). Sub-micron 
precipitates were formed on the surfaces of the Mo-free glass after seven days in water 
(Figure 6c2), and the surface density of these precipitates are greater after and more 
densely covered the surface at 28 days of test Figure 6c3). EDS again reveals that the 
Fe/P ratios on these corroded surfaces are greater than for the original glass (Table 3).
The excess iron found on the surfaces of the corroded Fe-containing glasses corresponds 
with the deficit of iron released to the respective solutions (Figure 3a), and is consistent 
with the corrosion behavior reported for Na2O-FeO-Fe2O3-P2O5 glasses [27].
Figure 7 shows the ATR-IR spectra collected from the same samples shown in 
Figure 6. In the case study of soda-lime-silicate float glass, the amount of hydrogen was 
found to be proportional to the intensity of OH stretching peak around 3400 cm-1 [29]. 
This quantitative correlation was adopted here to interpret the measured ATR-IR spectra 
(Figure 7) of the corroded glass surface after dissolution times. The broad spectral 
envelopes in the range between 2600 and 3700 cm-1 are associated with the various
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vibrational modes of OH groups and water at the sample surfaces. For phosphate glasses, 
peak assignments have been made for P-OH species (hydrogen bonded ~ 2860 and 2930 
cm-1, free ~3550 cm-1) and for molecular H2O (~3250 and 3450 cm-1) [30]. Using those 
assignments, it is clear that the corroded surfaces of each of the three glasses have 
increasing amounts of water, corresponding to, for example, thicker hydration layers. The 
intensity of the major peak centered ~3250 cm-1 of all three glasses increased to nearly 
the same absorbance (~ 0.01) after one day of test (Figure 7). The peak intensity remains 
mostly unchanged for Fe-free glass until 7 days of test and begins to decrease when 
dissolution proceeds into longer times (14-28 days) (Figure 7a), whereas the hydration 




The weight loss data from the static dissolution experiments, Test (I), were fit 
using a two-stage dissolution model that has been shown to describe dissolution of Na2O- 
CaO-P2O5 [12,28] and Na2O-FeO-Fe2O3-P2O5 glasses [27]. In the first stage, the 
dissolution kinetics have a square-root time dependence described by:
a = KPt 1/2 (2)
whereas in the second stage, the dissolution kinetics have a linear time dependence, 
described by:
a  =  KLt  +  c (3)
Here, the Kp and Kl are the respective reaction rate parameters and c is a constant. An 
example of weight loss data fit by the two-stage model is shown for the 
Mo/(Mo+Fe)=0.67 glass in Series C-NH4H2PO4 in Figure 8. Here, the weight loss 
follows a parabolic time-dependence over the first 85 hours in deionized water, and the 
subsequent weight loss is better described by a linear relationship. In general, parabolic 
kinetics described the first 80-132 hours of dissolution for all Na-Mo-Fe-phosphate 
glasses under the static Test(I) conditionsi.
The dissolution kinetics of Series C-NH4H2PO4 glasses were analyzed at different 
temperatures (21, 60 and 90±2°C) using the static Test (I) in DI water, and the 
temperature-dependent dissolution rate constant KP was acquired by fitting those data 
with Eq.(2). Assuming an Arrhenius dependence of the dissolution rate constant Kp on 
absolute temperature (T), the activation energy (Q) was calculated from:
KP = K0e(R?} (4)
where K0 is a pre-exponential factor and R is the gas constant.
Figure 9a shows the Arrhenius analyses for Series C-NH4H2PO4 glasses using the 
mass faction reacted (a) from Test (I). The natural logarithms of Kp for each glass 
composition were well-fitted by Eq. 4, and the calculated activation energies are shown 
in Figure 9b. The corresponding activation energies for glass dissolution in the parabolic 
regime systematically increased from 14±2 kJ/mol to 41±4 kJ/mol, with the Mo/(Mo+Fe) 
ratio increasing from 0.00 to 1.00 for the Series C-NH4H2PO4 glasses. The activation 
energies obtained in this study compare well to those reported from weight loss 
measurements for Na2O-FeO-Fe2O3-P2O5 glasses, where activation energies ranged from 
8±2 kJ/mol to 58±6 kJ/mol [27]. For the Fe-rich glasses (Mo/(Mo+Fe)<0.22), the low
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activation energies (14±2 to 25±4 kJ/mol) are comparable to the activation energies (11 
to 23 kJ/mol) reported for proton conduction in hydrated metaphosphate glasses [31]. In 
the dissolution study of ZnO-PbO-CdO-P2O5 glasses, activation energies near 10 kJ/mol 
and 60 kJ/mol were related to dissolution processes controlled by a diffusion mechanism 
and by a surface hydration mechanism, respectively [32]. Consequently, the initial 
parabolic dissolution kinetics observed in the present study may be associated with the 
diffusion of water for the Mo-free glass (Mo/(Mo+Fe)=1.00), and by overlapping 
diffusion and hydration controlled reactions for Mo-containing glasses 
(Mo/(Mo+Fe)>0.08).
4.2. EFFECT OF GLASS COMPOSITION AND STRUCTURE ON 
DISSOLUTION KINETICS
The dissolution rate parameters, Kp and Kl were determined for the Series A, B 
and C glasses prepared with NH4H2PO4 and dissolved in water at 60±2°C using the Test 
(I) conditions, and their compositional dependences are summarized in Figure 10a and 
Figure 10b, respectively. Greater values of Kp and Kl were generally found for glasses 
with lower O/P ratios and greater MoO3 contents, although the overall variance of the Kp 
values (factor of ten) is smaller than the variance of the Kl values, which varied by a 
factor of about 300 from the slowest dissolving glass (Mo(Mo+Fe)=0.09, O/P=3.28) to 
the fastest dissolving glass (Mo(Mo+Fe)=1.00, O/P=3.36). The decrease in dissolution 
rates with increasing O/P ratios, that is, with shorter phosphate anions in the glass 
structure, has been noted for several other phosphate glass systems [27,28,33,34].
The effect of iron (Fe2+/Fe3+) and molybdenum (Mo5+/Mo6+) redox on the 
structure and properties, including molar volume and glass transition temperature, of the
Series C and D glasses was previously reported [24]. Here, the dissolution rate 
parameters, Kp and Kl, from the Test (I) dissolution experiments are compared for the 
oxidized Series C-H3PO4 and the reduced Series C-NH4H2PO4 glasses in Figure 11. The 
Kp values of the oxidized glasses show little dependence on glass composition with 
Mo/(Mo+Fe)<0.25, whereas the further increase of Mo/(Mo+Fe) from 0.25 to 1.00 leads 
to an increase in Kp by roughly 40 times, from 1.3±0.1*10-4 to 49.9±4.3*10-4. For the 
oxidized Fe-free glass, the linear dissolution rate Kl is nearly 50 time greater than those 
from the Mo/(Mo+Fe)=0.40 and Mo/(Mo+Fe)=0.65 glasses. For the reduced glasses, the 
initial increase of Mo/(Mo+Fe) from 0.00 to 0.08 doubles Kp. However, no significant 
change in Kp was found with Mo/(Mo+Fe) increasing from 0.08 to 0.67. In contrast, the 
Kl values from the reduced glasses increased by 30 times when the Mo/(Mo+Fe) 
increased from 0.41 to 1.00. Generally, in the initial dissolution stage with parabolic 
kinetics, the Fe-rich (Mo/(Mo+Fe)<0.40) reduced glasses (NH4H2PO4) dissolved roughly 
two times faster compared to the oxidized glasses (H3pO4) with same nominal 
compositions. This can be related to the significantly greater fraction of Fe2+ in the 
reduced glasses (57.5-84.6%) compared to the oxidized glasses (<6.3%) [24].
The dramatic difference of both Kp and Kl between oxidized and reduced glasses 
with Mo/(Mo+Fe)>0.67, is most likely the result of the formation of different moly- 
phosphate structural groups, i.e. isolated Mo6+O6 octahedron associated with Na- 
polyhedron via Mo-O-Na+ and densely crosslinked Mo5+OPO4-like units formed between 
the highly-distorted Mo5+O5 and orthophosphate anions (PO4-). The progressive 
formation of the isolated Mo6+O6 along with the polymerization of phosphate network, 
may account for the continuous increase of Kp in oxidized glass with Mo/(Mo+Fe)
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increasing from 0.25 to 1.00. The isolated Mo6+O6 octahedron are potentially more prone 
to be hydrated by water molecules compared to the other Mo6+O6 octahedron crosslinked 
within the glass network, and phosphate glass with longer chains are more readily 
dissolved in aqueous solution. On the other hand, in the Mo-rich reduced glasses, these 
isolated Mo6+O6 octahedron are scarcely found and the densely crosslinked Mo5+OPO4- 
like units are formed instead. The largely decreased dissolution rates of Kp and Kl in Mo- 
rich reduced glasses, may be attributed to the presence of Mo5+OPO4-like units and 
greater faction of short P-anions [24], as compared to the oxidized glasses.
4.3. SOLUTION CHEMISTRY AND DISSOLUTION KINETICS
The dissolution kinetics of the Na-Mo-Fe-phosphate glasses are expected to be 
affected by the solution chemistry; e.g., pH and salinity. In general, glasses with greater 
amounts of MoO3 dissolved to produce solutions with lower values of pH (Figure 1c), 
likely due to the formation of molybdic acid in solution (pKa1 of H2MoO4=3.47 at 25 °C) 
[35]. The dissolution rates of Na2O-CaO-P2O5 glasses had been shown to be dependent 
on the pH of solution [12,13,36,37]. Bunker et. al attributed the accelerated dissolution of 
glass in acid solution to the disruption of ionic crosslinks between phosphate chains by 
rapid protonation [12]. The increased dissolution rate with decreased solution pH was 
also reported by other researchers. Delahaye et. al interpreted the higher dissolution rate 
in acid solution than in neutral solution to the fast hydration reaction rate of the P-O-M 
bonds (M represents metal cations) [13], whereas Oosterbeek et. al claimed the higher 
dissolution rate is related to the increased solubility of species in acid solution [37]. For 
Mo-rich glasses, the resulted lower solution pH from the initial dissolution of may be
partially responsible for the greatly increased dissolution rates after the initial stage, as 
compared to the Fe-rich glasses.
For the Fe-containing glasses, the transition time between the rapid drop in pH 
and steady stage of solution pH appears to be correlated with the transition in weight loss 
change when the parabolic kinetics ends. As shown in Figure 4b, the pH of the solutions 
for each of the selected Series B glasses reaches a steady value after about 48 hours on 
test. Replenishing the leached solution with fresh DI water in Test (II) induced little 
change to the steady pH value compared to Test (I). This phenomenon is different from 
what was observed for the Na2O-FeO-Fe2O3-P2O5 glasses with similar O/P ratios 
(3.27±0.02), where the measured pH values were lower in the semi-dynamic test than 
those in the static test [27]. In Test (III), the solution pH remains mostly at a constant 
value except for the slight drop at the very beginning (within 24 hours) and close to the 
end (after 250 hours) of the test. The difference in the dissolution rate constants, Kp and 
Kl, of Series B glasses in various tests are fitted with the parabolic and linear kinetics 
(Figure S3), and compared in Table 2. Higher Kp values were found for all glasses 
dissolved in the semi-dynamic Test (II) than in the static Test (I). For the two Fe- 
containing glasses, the parabolic stage is prolonged for up to 190-250 hours in Test (II) 
compared to the 24-48 hours in Test (I).
Congruent leaching behavior is only observed for the Fe-free Na-Mo-Fe- 
phosphate glasses, whereas each of the Fe-containing glasses exhibit selective leaching 
behavior, at least after 11 days in Test (I) (Figure 2). The Series C-NH4H2PO4 glasses in 
Test (III) behaved in a similar fashion, with proportionally less iron released from the 
glasses than the other elements (Figure 3 a). Finally, the Fe-free composition from Series
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B dissolved congruently in the semi-dynamic Test (II) and exhibited preferential release 
of Na-ions (Figure 5a). The solutions in Test (II) were first replenished after 4 hours of 
test, and so these data were collected under similar static conditions as those in Test (I). 
As was seen in the previous experiments, the Fe-free Series B glass also exhibits 
congruent leaching behavior and each of the Fe-containing glasses exhibit selective 
leaching behavior, particularly for the Na ions.
During the preferential leaching in the initial dissolution stage, for instance at 4 
hour in Test (II) (Figure 5a), the solution is in dilute condition. The lower released 
amount of Fe is mostly likely due to the slower hydration process of Fe-polyhedron, 
compare to Mo, P, and especially Na, which is most readily hydrated and released into 
solution, indicated by its highest leached amount among all elements. When the 
dissolution proceeds into longer times (11 to 21 days in Test (I)), the Fe concentration in 
solution levels off or even decreases, indicating the solubility limit has been reached and 
Fe-rich phase may precipitate out from solution. This process appears to be correlated 
with the sluggish dissolution kinetics after the initial stage in Test (I) (Figure 1a), 
whereas, the glasses continues to dissolve in Test (IV) even the solution was pre­
saturated with Fe (Figure 4a).
4.4. ANALYSIS OF THE CORRODED GLASS SURFACE
The development of etch pits and a hydration layer at the corroded glass surface 
was concluded as the characteristics of the dissolution mechanism controlled by surface 
hydration reaction [13]. For the Fe-free glass in Series C, etch pits are observed at the 
surface after 7 days on test (Figure 6a2) and presence of a hydration layer is also
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identified (Figure 7a). These evidences indicate the dissolution of the Fe-free glasses is 
controlled by the hydration reaction at glass surface, which is consistent with linear 
dissolution kinetics and congruent leaching behavior of the glasses. In contrast, no etch 
pit formation was observed for the Mo-free glass, suggesting the dissolution kinetics is 
potentially limited by diffusion rather than the hydration reaction. Additionally, the 
precipitation phases deposited at the glass surface at 7 days and 28 days test (Figure 6c2 
and Figure 6c3) indicates the dissolution mechanism could be alternatively affected by 
the saturation-precipitation reaction in solution. Higher Fe/P ratios are determined from 
both the precipitation phases and the area without precipitation phase, at the corroded 
surface of glass after 28 days on test compared to unreacted glass surface (Table 3), 
suggesting the potential presence of Fe-rich alteration layer at corroded glass surface. The 
preferentially low leaching of Fe in solution (Figure 3a) is apparently correlated to the 
formation of the Fe-rich precipitation phases or an alteration layer at glass surface. In the 
case of Fe-Mo mixed glass (Mo/(Mo+Fe)=0.22), the surface morphology is a composed 
result of surface hydration reaction and alteration/precipitation, as indicated by the pitted 
surface (Figure 6b3) with higher Fe/P ratio (Table 3) at 28 days test compared to the 
unreacted glass.
The major peak centered around 3250 cm-1 in the ATR-IR spectra is associated 
with the OH stretch in molecular H2O, and the fact that all three glasses increased to 
nearly the same absorbance (~ 0.01) after one day of test (Figure 7) potentially suggests a 
similar diffusion rates of water into these glasses. The couple of sharp peaks locate 
around 2860 and 2930 cm-1 represent the stretching modes associated with P-OH bonds, 
which is the clear evidence for the hydration reaction of the P-O-M (M=Na, Fe and Mo).
For the Fe-free glass, the intensity of the broad peak centered around 3250 cm-1 decreases 
after 7 days on test (Figure 7a). This phenomenon may be explained by the different rates 
between the two simultaneously advancing reactions, diffusion and hydration. The rapid 
dissolution kinetics in the second stage of Fe-free glass mainly involves the hydration of 
phosphate chains and their release into solution from glass surface, when may lead to the 
destruction of the hydration layer formed in the initial stage. For the Mo/(Mo+Fe)=0.00 
glass (Figure 7c), the development of the hydrated surface is mostly associated with the 
diffusion of water with respect to the slow hydration of glass network, indicated by the 
good integrity of the reacted glass surface (Figure 6c2 and Figure 6c3). On the other 
hand, a progressive development of surface hydration was identified for the 
Mo/(Mo+Fe)=0.22 glasses (Figure 7b) and it may be related to the deeper penetration of 
water into glass structure through the openings at glass surface (e.g. etch pits, Figure 6b2 
and Figure 6b3). Another possibility is the continuous deposition of Fe-rich precipitation 
compounds (containing H2O or OH group) on the reacted glass surface. For instance, a 
surface reaction layer composed of 6-line ferrihydrite phases (5Fe2O3'9H2O) was 
reported for BaO-FeO-Fe2O3-P2O5 glass, and the thickness of this layer increases with 
dissolution time [38].
4.5. DISSOLUTION MECHANISM
The kinetics of the dissolution of alkaline phosphate glasses in water have been 
described by a two-stage model. The parabolic kinetics of the first stage have been 
associated with the diffusion of water into glass network, and the linear kinetics of the 
second stage have been associated with the hydration of the phosphate anions and
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alkaline cations along with their release from glass surface into solution [12,28]. A 
similar interpretation of the dissolution kinetics of the Na-Mo-Fe-phosphate glasses in 
water is used here.
In general, the reaction constants for the parabolic Stage I kinetics are lower for 
the Fe-rich glasses, but have less of a compositional dependence than the reaction 
kinetics for the linear Stage II kinetics (Figure 8). This indicates that the glass 
composition and structure has less of an effect on the Stage I diffusion of water into the 
glass structure than on the Stage II hydration reactions. One exception may be the 
oxidized and reduced Series-C glasses. Figure 11 shows there is little compositional 
dependence of the values of Kp for the reduced glasses, but a significant dependence of 
Kp on Mo/(Mo+Fe) for the oxidized glasses, particularly for the Mo-rich compositions. 
The molar volume per oxygen has similar compositional dependences for both series 
[24], with the largest values of MV/[O] corresponding to the Mo-rich, oxidized glasses. 
These glasses generally had lower relative fractions of densely crosslinked Mo5+OPO4 
sites and greater concentrations of isolated Mo6+O6 octahedral sites [24]. The more open 
structures of the glasses with greater values of MV/[O] may then provide better pathways 
for the diffusion of water into the glass structures during Stage I corrosion. Replenishing 
the leached solution with fresh DI water in Test (II) prevents the solution from being 
“saturated” by the released ions and species, and promotes the diffusion process of water 
into glass structure, as indicated by the increased rate constant KP than in Test (I) for 
same glass composition (Table 2,Figure S3).
The dissolution kinetics of the Fe-free glasses with congruent leaching behavior is 
very similar to that observed for NaO-CaO-P2O5 glasses [12,13,18]. During the
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dissolution of glass, a hydration layer is formed at the glass surface, and its thickness 
depends on the relative reaction rates between the diffusion of water into glass and the 
release of the hydrated species into solution [12]. The reduced degree of hydration at 
reacted surface of Mo/(Mo+Fe)=1.00 Series C-NH4H2PO4 glass dissolved after 7 days in 
Test (IV) may suggest the decreased thickness of the hydration layer due to the faster 
dissolution rate of the surface hydration layer compared to the diffusion reaction (Figure 
7a). Dissolution rate constants Kp and Kl of glass increases when the solution was 
replenished in Test (II) (Table 2), indicated that the dissolution kinetics controlled by 
diffusion and hydration reaction are both increased by reducing the ion concentration in 
solution [13]. However, the dissolution rate Kl is also increased in Test (III) despite the 
concentrated solution used for test (Figure 5b), this may suggest the surface hydration 
reaction is more suspectable to the low pH (Figure 4b) than the ion concentration in 
solution.
The excellent chemical durability of iron phosphate glass has been attributed to 
the presence of hydration resistance Fe-O-P bonds in glass [3,6]. In the Fe-rich Na-Mo- 
Fe-phosphate glasses, the hydration of Fe-O-P bonds does appear to be slower compared 
to the hydration of other bonds (e.g. P-O-Mo, P-O-Na+, Mo-O-Na+) that constitute the 
glass structure. This may be evidenced by the preferentially lower leaching of Fe than 
other elements into solution within the very initial dissolution time (4 hours), when the 
solution is considered in dilute condition (Figure 5a).
The weight loss of glass in the second stage is much greater in semi-dynamic Test 
(II) than in static Test (I), suggesting the low dissolution rate of glass is affected by the 
solution chemistry as well. The accumulated concentration of Fe in solution during the
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dissolution of Fe-containing glasses in static test with DI water eventually reach the 
solubility limits (e.g. Fe(OH)3, Ksp=2.79x10-39 at 25°C [39]), and consequently, 
precipitation phases are formed and deposited on the reacted glass surface. It is confirmed 
for the Mo-free Series C-NH4H2PO4 glass with increased amount of precipitates on glass 
surface (Figure 6c2 and Figure 6c3) and the hardly increased concentration of Fe in 
solution (Figure 3a) from 7 to 28 days in Test (IV).
To interpret the sluggish dissolution kinetics of Fe-containing glasses in the 
second stage, two possible mechanisms are considered here. The dissolution kinetics 
slows with the increasing concentration of species (e.g. Fe3 and HPO4-) in solution due 
to the drop of chemical affinity for dissolution reaction [11]. Another explanation is the 
formation of a barrier layer from alteration product or precipitation phases at reacted 
glass surface against the transportation of reactant (H2O) and products (hydrated cations 
and phosphate anions). Similar theories were used to interpret the dissolution behavior of 
silicate glasses, while the latter mechanism applies better for dissolution in concentrated 
conditions [40]. Both mechanisms are valid in explaining the increased dissolution rate of 
Fe-containing Series C-NH4H2PO4 glasses in semi-dynamic Test (II) compared to static 
Test (I) (Figure 4a). The reduction of ion concentration by replenishing solution with 
fresh DI water will either retain the high dissolution reaction activity of glass constitutes 
or prevent the formation of barrier layer at a “dilute” condition. However, the dissolution 
kinetics in concentrated solution (Test (III)) is not inhibited compared to that in DI water 
(I), and in fact, the dissolution process still appears with a two-stage kinetics. This 
observation contradicts to the theory that the dissolution reaction activity of the structural 
species in glass should be greatly reduced with the high concentration of these species in
solution. There exists the possibility that a lower solution pH could account for such 
dissolution by the enhanced protonation and hydration of phosphate chains at glass 
surface [12], but it should be noted that the pH of concentrated solution only dropped 
prior to Test (III), for instance from 4.2 to 4.0 for Mo/(Mo+Fe)=0.42 glass (Figure 4b), 
and the former pH is reached at the end of Test (I) when the dissolution of glass appears 
to be “ceased”. When considering the formation of a barrier layer, the dissolution 
behavior of Fe-containing glasses in Test (III) can be better interpreted, which is 
repeating the formation of an alteration/precipitation layer at the fresh glass surface as in 
Test (I), and the resumption of the rapid dissolution rate at longer times results from the 
destruction of the barrier layer as solution pH further decreases (Figure 3b). The higher 
Fe/P ratios analyzed on the corroded surface of Fe-rich glasses, compared with those 
measured from the pristine glass, is the clear evidence for the existence of a Fe-rich 
alteration layer, and potentially a precipitation layer for Mo/(Mo+Fe)=0.00 (Table 3). 
Similar iron rich layers were observed on the surfaces of corroded BaO-FeO-Fe2O3-P2O5 
[33,38] and Na2O-FeO-Fe2O3-P2O5 glasses [27]. Consequently, the sluggish second stage 
dissolution kinetics of the Fe-containing Na-Mo-Fe-phosphate glasses are most likely 
controlled by the formation of a Fe-rich alteration/precipitation layer, serving as a barrier 
for the transportation of water and hydrated species through the glass surface.
5. SUMMARY
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The dissolution behavior of four series of Na-Fe-Mo-phosphate glasses was
investigated by various dissolution tests in aqueous solutions. A two-stage dissolution
kinetics was observed with the initial stage fitted by a parabolic equation and the later 
stage fitted by a linear equation. For the reduced glasses (NH4H2PO4), the dissolution rate 
constants, Kp and Kl, show similar compositional dependence that higher rate constants 
are generally obtained from the glass with lower O/P ratios and higher Mo/(Mo+Fe) ratio. 
The Kp value of the Series C-H3PO4 glasses dramatically increases with the Mo/(Mo+Fe) 
ratio increases from 0.22 to 1.00, in correlation with the progressive formation of isolated 
Mo6+O6 sites in oxidized glass. In contrast, the suppressed dissolution rates in Mo-rich 
Series C-NH4H2PO4 glasses potentially benefits from the presence of densely crosslinked 
Mo5+OPO4 units and the absence of isolate Mo6+O6 sites.
Two types of leaching behavior were identified, with the Fe-free glasses showing 
congruent leaching of all elements, and the Fe-containing glasses having preferentially 
lower leaching of Fe than other elements. The former leaching behavior is associated 
with a fast surface hydration reaction, as indicated by the formation of larger etch pits and 
the potential thinning of the hydration layer. Whereas, the latter one relates to the 
sluggish dissolution kinetics possibly controlled by the formation of a Fe-rich barrier 
layer by glass alteration or solution precipitation at reacted glass surface. The dissolution 
kinetics in semi-dynamic test was increased than in static test, indicating the dissolution 
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Table 1. Nominal and analyzed compositions of Series A, B, C and D glasses prepared with NH4H2PO4.
G lass
N om inal com position  (m ol% ) A nalyzed  com position  (m ol% , < 6%  in uncerta in ty)
Na2O MoO3 Fe2O3 P 2 O 5 O /P Na2O MoO3 Fe2O3 P 2 O 5 SiO2 O /P M o/(M o+ Fe)
Series
A
15.0 20.7 0.0 64.3 3.10 17.2 24.1 0.0 55.7 3.0 3.36 1.00
15.0 16.6 4.1 64.3 3.10 17.1 18.1 4.3 57.8 2.7 3.27 0.68
15.0 12.4 8.3 64.3 3.10 17.3 12.4 8.6 59.9 1.8 3.20 0.42
15.0 8.3 12.4 64.3 3.10 15.7 7.2 13.0 62.7 1.4 3.13 0.22
15.0 4.1 16.6 64.3 3.10 16.9 3.5 17.7 60.2 1.7 3.20 0.09
15.0 0.0 20.7 64.3 3.10 16.8 0.0 21.2 59.8 2.2 3.21 0.00
Series
B
15.0 25.0 0.0 60.0 3.25 16.3 26.7 0.0 54.5 2.5 3.43 1.00
15.0 20.0 5.0 60.0 3.25 16.2 20.4 4.8 56.3 2.3 3.36 0.68
15.0 15.0 10.0 60.0 3.25 17.0 14.2 10.0 56.7 2.1 3.33 0.42
15.0 10.0 15.0 60.0 3.25 16.5 8.3 14.8 58.9 1.5 3.26 0.22
15.0 5.0 20.0 60.0 3.25 16.3 3.7 20.1 58.3 1.6 3.28 0.09
15.0 0.0 25.0 60.0 3.25 17.2 0.0 25.5 55.5 1.8 3.38 0.00
Series
C
15.0 28.7 0.0 56.3 3.40 16.8 30.4 0.0 50.5 2.3 3.61 1.00
15.0 23.0 5.7 56.3 3.40 15.0 24.1 5.8 53.8 1.3 3.50 0.67
15.0 17.2 11.5 56.3 3.40 16.8 15.8 11.4 54.2 1.8 3.44 0.41
15.0 11.5 17.2 56.3 3.40 16.6 9.2 16.4 56.7 1.1 3.34 0.22
15.0 5.7 23.0 56.3 3.40 16.6 4.1 22.5 55.7 1.1 3.39 0.08
15.0 0.0 28.7 56.3 3.40 16.4 0.0 29.1 53.3 1.2 3.50 0.00
Series
D
0.0 15.0 22.5 62.5 3.40 0.0 11.1 23.6 63.7 1.6 3.34 0.19
7.5 13.3 19.8 59.4 3.40 9.4 10.2 19.4 59.9 1.1 3.34 0.21
15.0 11.5 17.2 56.3 3.40 16.6 9.2 16.4 56.7 1.1 3.34 0.22
22.5 9.7 14.7 53.1 3.40 25.6 8.1 14.3 51.2 0.8 3.42 0.22
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Table 2. Dissolution rate constants fitted by the parabolic and linear kinetics of Series B glasses.
T est
M o/(M o+ F e)=1 .00 M o/(M o+ F e)=0 .42 M o/(M o+ F e)=0 .09
K p (10-4) K l (10-5) K p (10-4) K l (10-5) K p (10 -4) K l (10-5)
(I) 3 .18±0.04 2.14±0.05 2.13±0.06 - 2 .59± 0.07 -
(II) 6 .10± 0.17 4.88±0.20 4 .09± 0.07 - 3 .40±0.08 -
(III) - 5 .49±0.10 3.69±0.22 - 1.91±0.01 0.35±0.03
Table 3. Compositional difference between the pristine and reacted surface of Series C-NH4H2PO4 glasses dissolved in Test (III).
Ratios between elements were quantified by SEM-EDS.
M o/(M o+ Fe)
Pristine 7 days 28 days
Fe/P N a/P M o/P Fe/P N a/P M o/P Fe/P N a/P M o/P
1.00 - 0.11(1) 0.32(1) - 0.11(1) 0.31(1) - 0.12(1) 0.34(1)
0.22 0.36(1) 0.19(1) 0.09(1) 0.35(1) 0.15(1) 0.11(1) 0.43(3) 0.22(2) 0.10(1)
0.00
glass 0.56(3) 0.19(3) - 0.57(1) 0.19(1) - 0.62(1) 0.21(1) -
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Figure 1. Mass fraction reacted and solution pH of the Series C (a and c) and Series D (b 
and d) glasses prepared with NH4H2PO4 dissolved in static Test (I) at 60±2°C in DI
water.
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Figure 2. Normalized leaching of sodium, molybdenum, iron and phosphorous from the 
Na-Mo-Fe-phosphate glasses dissolved in static Test (I) at 60±2°C in DI water. Open and 
closed symbols represent the data analyzed from the solution leached for 11 days and 21
days, respectively.
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Figure 3. Normalized leaching of elements (a) and change of solution pH (b) from the 





















Figure 4. Comparison of the mass fraction reacted (a) and solution pH (b) of the Series B
glasses in different dissolution tests.
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Time (hour) Time (hour)
Figure 5. Normalized leaching of elements from the Series B glasses dissolved in semi­
dynamic Test (II, a) and static Test (III, b) at 60±2°C.
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Figure 6. SEM images of the surfaces of the three Series C-NH4H2PO4 glasses as 
prepared (a1, b1 and c1), then after immersion in 60±2°C, DI water, Test (III), for 7 days 






















Figure 7. ATR-IR spectra measured at the reacted surface of Mo/(Mo+Fe)=1.00 (a), 0.22 
(b) and 0.00 (c) Series C-NH4H2PO4 glasses dissolved for various times in Test (III).
Time (hour)
Figure 8. Mass faction reacted (a) of the Mo/(Mo+Fe)=0.67 glass in Series C-NH4H2PO4 
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Figure 9. Arrhenius analyses of dissolution rate constant Kp for Series C-NH4H2PO4 
glasses (a) and the calculated activation energies using Eq. (4) as function of
Mo/(Mo+Fe) ratio (b).
O/P O/P
Figure 10. Compositional dependence of dissolution rate constants, Kp and Kl, from 
Series A, B, and C glasses prepared with NH4H2PO4 in Test (I) at 60±2°C in DI water.
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Figure 11. Dependence of the dissolution rate constants, Kp and Kl, on the Mo/(Mo+Fe) 



































Figure S1. Mass fraction reacted and solution pH of the Series A (a and c) and Series B 






















Figure S2. Normalized leaching of sodium, molybdenum, iron and phosphorous at 21 
days from the Series D-NH4H2PO4 (a) and Series D-H3PO4 (b) glasses dissolved in static
Test (i) at 60±2°C in DI water.
Figure S3. Mass fraction reacted (a) fitted by parabolic (Eq.(2), dash line) and linear 
(Ep.(3), solid line) kinetics of Mo/(Mo+Fe)=1.00 (a), 0.42(b) and 0.09(c) glass from
Series B dissolved in various test.
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ABSTRACT
The presence of Mo5+ in Na-Mo-Fe-phosphate glasses were determined by 
electron paramagnetic resonance (EPR) spectroscopy and a significantly higher amount 
of Mo5+ was identified in Fe-free glass prepared with reducing material (NH4H2PO4) than 
with oxidizing material (H3PO4). The Mo5+ ions are found in highly distorted octahedral 
sites, which can be better described as square-pyramidal coordination sites. Two types of 
Mo5+ ions are identified as major ones strongly coupled with exchange interactions and 
minor ones in isolated state.
Keywords: iron phosphate glass; electron paramagnetic resonance; Mo5+ ions; redox 
effect
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1. INTRODUCTION
Molybdenum oxide (M0 O3) has shown great glass forming ability with P2O5 in 
binary and ternary systems, and attracted research interests in the electrical properties e.g. 
ion conductivity for potential semi-conducting and electrochemical applications 
[1,2,3,4].The redox effect on the speciation of Mo ions (e.g. Mo6+ and Mo5+) and the 
corresponding change in structure and property of phosphate glasses, was studied using 
X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS) and 
electron paramagnetic resonance (EPR) [5,6,7]. Mo5+ ion has been utilized as a structure 
probe due to its high sensitivity to the evolution of the local symmetry in oxide glasses 
[8,9,10]. The presence of Mo5+ ions in phosphate glasses was reported to be octahedrally 
coordinated with trigonally distortion [11], and such coordination chemistry was further 
described as a square-pyramidal type symmetry (CW) where Mo5+ ions are primarily 
coordinated by four oxygen atoms with Mo-O single bonds and one oxygen atom with a 
Mo=O double bond, as identified by EPR [7].
Our previous study on the Na-Mo-Fe-phosphate glass system has shown the 
properties of the glass including molar volume, glass transition temperature and aqueous 
dissolution rates, are significantly affected by the Mo5+/Mo6+ ratio in the Mo-rich 
compositional regime [12,13]. Raman spectroscopy qualitatively revealed the presence of 
the highly distorted Mo5+O5 octahedron in glass and the structure to property relationship 
was interpreted by the development of different molybdate and phosphate structural units. 
In the present study, the EPR analysis is performed on two series of Na-Mo-Fe-phosphate
171
glass, with the quantitative analysis on the concentration and coordination chemistry of 
Mo5+ ions.
2. EXPERIMENTAL
Two series of Na-Mo-Fe-phosphate glasses (S1 to S6) with the nominal molar 
composition of 15Na2O-(28.8-x)MoO3-xFe2O3-56.2P2O5, x=0, 5.8, 11.5, 17.3, 23.0, 28.8; 
were prepared using oxidizing (H3PO4, Spectrum, ACS in 85% aqueous solution) and 
reducing (NH4H2PO4, Jost, 98%) materials respectively, and then well mix with other 
chemical reagents including Na2CO3 (GFS and FMC, 99.5%), MoO3 (Noah, 99%), Fe2O3 
(Noah, 99.9%), to form a 200-gram batch prior to melting. After held in a fused silica 
crucibles (LECO) between 1000°C to 1200°C in air for 2 to 2.5 hours, the melt was 
casted onto a steel plate for quenched pieces. These pieces were then annealed for two 
hours near their respective glass transition temperature (Tg) to release any residual stress. 
The actual composition of the prepared glasses was determined by energy dispersive X- 
ray fluorescence (ED-XRF, Spectro Xepos) and inductively coupled plasma optical 
emission spectrometry (ICP-OES, PerkinElmer Optima 2000 DV, Norwalk, USA). 
Details about the compositional analysis and structural characterization of the glasses can 
be found elsewhere [12].
Electron paramagnetic resonance (EPR) analysis was perform on glass powders 
(75-150 pm), with the continuous wave and pulsed experiments were carried out using an 
E-580 BRUKER ELEXIS X-band EPR spectrometer. All spectra were acquired at a 
microwave frequency around 9.5 GHz and a temperature of 6 K. Spectral simulations
were performed using the EasySpin® software package implemented in MATLAB 
(MathWorks, Inc) [14]. Quantification of the Mo5+ concentration in the Fe-free glasses 
was done using a standard sample (MgO:Cr3+).
3. RESULTS AND DISCUSSION
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The measured EPR spectra of reduced (NH4H2PO4) Na-Mo-Fe-phosphate glasses 
are shown in Figure 1 with magnifying factors given on the right. For the Fe-free glass 
(S1), the spectrum consists of two features, the broad line component and small intensity 
structured signal near the center of the broad line. The former broad signal is mostly 
likely due to the Mo5+ ions strongly coupled by exchange interactions, whereas the small 
bumps (structured spectrum) are due to a small fraction of isolate Mo5+ attributed to the 
95Mo (15.7%) and 97Mo (9.4%) isotopes with the nuclear spin I = 5/2. Simulation of the 
spectrum of the reduced glass S1 (Figure 2) was performed by assuming that the broad 
component is composed of three Lorentzian lines and the structured spectrum is due to 
Mo5+, S = 1/2, in axial symmetry. The structure is due to the hyperfine interaction. The 
spin Hamiltonian parameters are given in Table 1 (microwave frequency =9.44288 GHz). 
These values compare well to those reported in literature, suggesting that Mo5+ ions are 
essentially coordinated by five oxygen atoms in a square-pyramidal site (C4v symmetry) 
with a Mo=O double bond.
The intensity of the stronger signal associated with Mo5+ coupled in exchange 
interactions around 3500 G (g~2) decrease as the concentration of Mo decreases in glass, 
and the Mo-free glass S6 has no detectable EPR signal, with exception of small bumps at
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1500 G (g ~4.3) and 3500 G (g~2). The small signal around 1500 G (g~4.3) for glasses 
S2-S6 is probably due to magnetic isolated Fe3+ in rhombic symmetry. The structured 
signal associated with isolated Mo5+ reduces in intensity from glass S1 to S2, then 
disappears for glasses S3-S6. Similar evolution of the spectra was observed for the 
oxidized (H3PO4 ) Na-Mo-Fe-phosphate glasses (Figure 3), with a much greater 
contribution from Fe3+ around 1500 G (g~4.3). The structured signal associated with 
isolated Mo5+ is also detected in the Fe-free oxidized glass, while on obvious presence of 
the broad signal associated with Mo5+ coupled in exchange interactions is observed. Total 
spin counts from the reduced and oxidized Fe-free glasses was used for the calculation of 
Mo5+ ions concentration (Table 2). Significant amount of Mo5+ (34%) was detected in 
reduced glass than in oxidized glass (5%), in consistent with the result obtained from the 
relative Raman peak intensity, roughly by a factor of 8 times [12].
4. SUMMARY
Na-Mo-Fe-phosphate prepared with reducing (NH4H2PO4) and oxidizing (H3PO4) 
raw materials was characterized by EPR spectroscopy. Mo5+ ions occupy square- 
pyramidal sites and are found in coupled state with exchange interactions and in isolated 
state in Mo-rich reduced glasses, with feature diminished with decreasing MoO3 content 
in glasses. Higher fraction of Mo5+ exists in reduced glasses than in oxidized glasses.
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Table 1. EPR parameters of Mo5+ ions in Na-Mo-Fe-phosphate glasses.
Glass Perpendicular Parallel
g A g A
S1 -NH4H2PO4 1.928 41 1.891 89
S1 -H3PO4 1.938 42 1.883 91
Li2O-MoO3-P2O5 [7] 1.926-1.936 33-45 1.877-1.880 86-91
PbO-MoO3-P2O5 [10] 1.921-1.932 42-50 1.864-1.869 91-95
Table 2. Mo5+/Mototal fraction in the Fe-free glasses calculated by EPR.
Glass Mo5+ concentration (spins/g) Mo5+/Mototal
S1 -NH4H2PO4 5.0X1020 34%
S1 -H3PO4 6.8X1019 5%
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Figure 2. Simulation of the spectrum of the Fe-free reduced (NH4H2PO4) S1 glass using
EasySpin software).
Figure 3. The first derivative of the EPR absorption of H3PO4 glasses measured at 6K.
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SECTION
2. CONCLUSIONS AND RECOMMENDATIONS
2.1. CONCLUSIONS
Simplified alkali molybdenum iron phosphate glasses in this study serve as a 
representative subject for the research of complex iron-phosphate wasteforms loaded with 
the simulated Collins-CLT waste. It was previously shown that the two major waste 
components, Cs2O and MoO3, were incorporated into the residual iron-phosphate glass 
instead of precipitating out with other crystalline phases, and the overall chemical 
durability of the wasteform majorly depends on the composition and structure of the 
residual glass matrix rather than crystalline phases [51]. In this study, details about the 
structural roles of Cs and Mo in the alkali molybdenum iron phosphate glasses were 
determined using Raman spectroscopy and high-pressure liquid chromatography. It was 
shown that the alkali ions (Na+ and Cs+) are associated to both molybdate and phosphate 
anions in glass network. Depending on the composition of glasses, Mo species can form 
various types of structural units including isolated octahedral sites and moly-phosphate 
complex units. The formation of isolated Mo6+O6 sites via Mo-O-Na+/Cs+ linkages lead to 
the extraction of oxygen atoms from the phosphate network, generating longer average 
length of phosphate anions in glass. In reduced glasses, significant amount of Mo5+ ions 
exist and form densely crosslinked structural groups of Mo5+OPO4 with orthophosphate
unites.
The systematical study on dissolution behavior of the alkali molybdenum iron 
phosphate glasses provides clues to understand the corrosion behavior of the wasteform 
and to improve the composition design and processing of the wasteform. Glasses with 
higher O/P ratios generally show lower aqueous dissolution rates, and thus are more 
favorable as waste host with better chemical durability. The formation of densely 
crosslinked Mo5+OPO4 structural groups contributes to the better corrosion resistance of 
reduced glasses than that of oxidized glasses. Iron phosphate glasses with the 
simultaneous incorporation of Cs2O (^16.0 mol%) and MoO3, ( ^  11.3 mol%) show 
little increase in the aqueous dissolution rates, suggesting the great tolerance of these 
waster components to retain the excellent chemical durability of wasteform. The 
dissolution mechanism of the simplified alkali molybdenum iron phosphate glasses was 
revealed to be majorly controlled by the formation of an alteration/precipitation barrier 
layer at corroded glass surface.
2.2. RECOMMENDATIONS FOR FUTURE WORK
The reduced Mo ions in the Na-Mo-Fe-phosphate glasses were majorly identified 
as Mo5+ based on the determination from the Raman spectra and the other reported 
structural studies on molybdate-phosphate glasses [58,77]. However, one cannot rule out 
the possibility that other reduced Mo ions (e.g. Mo4+ and Mo3+) with lower valance states 
may exist as well, and their effects on the structure and properties of the glasses are little 
known. On the other hand, the solution titration analysis and the decomposition of the 
Raman peaks associated with the vibrational modes of different Mo species only provides 
qualitative information about the amount of Mo5+ in glasses. The electron paramagnetic
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resonance (EPR) spectroscopy was utilized for the quantitative analysis of the Mo5+ ions, 
but only limited to the Fe-free glasses. This is because the Fe3+ ions in glasses are also 
EPR active and no available methods is found to separate their contribution from that of 
Mo5+ ions to the spectra. Consequently, only qualitative information about the Mo5+ ions 
was achieved for the Fe-Mo mixed glasses in this study. In order to get the 
comprehensive information about the nature of reduced Mo ions in glass, an X-ray 
photoelectron spectroscopy study is suggested to examine the speciation of Mo ions 
specially in the reduced glasses. The glass surface needs to be sputtered for the removal 
of any oxidized layer prior to the analysis, and the decomposition of the Mo 3d peak is 
expected to provide information about the Mo ions speciation with their quantified 
fractions [78].
The presence of the Fe-rich alteration/precipitation layer at the corroded surface 
of Fe-containing glasses is clearly associated with the sluggish dissolution kinetics in 
aqueous solution. The formation and development of such barrier layer appears to play a 
key role in controlling the dissolution mechanism of these glasses. So far, the chemistry 
of this layer was visited using only scanning electron microscopy-energy dispersive X- 
ray spectroscopy (SEM-EDS), without knowing other important information (e.g. 
thickness, morphology and crystalline phases) about the layer. Thus, additional 
characterizations are suggested to better analyze the composition and structure of the 
alteration/precipitation layer. One possible route is to acquire the cross-section of the 
corroded glass surface by focused ion beam (FIB) lift-out, then to perform a transmission 
electron microscopy (TEM) analysis with electron diffraction pattern at the layer [76]. 
Other techniques including thin-film X-ray diffraction and X-ray photoelectron
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spectroscopy (XPS) may be considered to analyze the corroded surface for structural and 
compositional information as well. In addition to the experimental techniques, simulating 
the formation process of the alteration/precipitation layer using computational methods at 
atomic or molecular scale will facilitate the interpretation about the nature of the layer 
and will further contribute to the comprehensive understanding of the dissolution 
mechanism.
The complexity of waste compositions may have impacts on the formation and 
development of the barrier layer, for instance by changing the pH and solubility limits in 
solution. Thus, a careful examination on the formation of alteration/precipitation layer for 
iron-phosphate wasteform is needed in consideration of the influenced from other waste 
components. Another challenge is to predict the long-term corrosion behavior of iron- 
phosphate wasteform based on the current knowledge on the dissolution behavior the 
simplified alkali molybdenum iron phosphate glasses in lab scale. The observed 
passivation effect on dissolution rates may only hold within certain time period, and it is 
yet to confirm if the excellent chemical durability would be maintained throughout the 
long-term geological disposal. This question is posed by the fact that for alkali 
molybdenum iron phosphate glasses tested in concentrated solutions, the rapid 
dissolution rate resumed after the certain time in the sluggish kinetics, likely related to 
the destruction of surface barrier at low solution pH. In seek for the valid predication for 
the long-term corrosion behavior, it is recommended to conduct the corrosion tests at 
different pH values to analyze the stability of the surface alteration/precipitation layer.
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